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ABSTRACT 
 
  The focus of this research was to determine the impact of select fermentable 
carbohydrates on gastrointestinal health outcomes and microbial ecology of domestic cats.  
Four studies were designed to address two major research objectives: 1) to determine 
nutrient digestibility and fecal fermentative end-product outcome variables as affected by 
inclusion of select dietary fiber and fermentable carbohydrate sources, and 2) to determine 
the microbiome and metagenome of the feline gastrointestinal tract as they relate to fiber 
and fermentable carbohydrate supplementation.  Study 1 determined the effects of 
supplementing oligofructose or a blend of oligofructose and inulin at 1% of the diet on 
nitrogen balance, fecal fermentative end-products, and select fecal microbiota of the senior 
cat.  Study 2 determined the effects of supplementing cellulose, fructooligosaccharides 
(FOS), or pectin at 4% of the diet on total tract nutrient digestibility, fecal fermentative end-
products, and select fecal microbiota of the young adult cat.  Study 3 determined the effects 
of adapting the gastrointestinal microbiota to cellulose, FOS, or pectin at 4% of the diet on 
in vitro fermentation outcomes such as pH, gas production, short- chain fatty acid (SCFA) 
production and branched-chain fatty acid (BCFA) production.  Study 4 determined the 
phylogeny and metabolic functional capacity of the feline fecal microbiome as affected by 
4% supplemental cellulose, FOS, or pectin.  Our results indicate that, in senior cats, 
supplemental FOS did not alter nitrogen metabolism, but influenced fermentative end-
products.  Fructooligosaccharides and pectin are capable of modulating fermentation end-
products, and increased fecal score and SCFA, BCFA, ammonia, 4-methyl phenol, indole, 
and biogenic amine concentrations.  Pectin also decreased crude protein and acid hydrolyzed 
fat digestibility, indicating that it may increase intestinal chyme viscosity and should be 
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investigated further as a fermentable alternative to cellulose in weight loss diets.  Adaptation 
to dietary FOS and pectin affected fermentation responses to cellulose, FOS, and pectin in 
vitro, but adaptation to FOS appeared to have the greatest effect on modulating these 
responses when FOS was utilized as a test substrate.  This indicates that in vitro outcome 
variables are affected by fermentable substrates in the cat diet, and should be considered 
prior to initiating an in vitro experiment.  Gastrointestinal microbiota were not affected 
greatly by the addition of 4% fiber or fermentable carbohydrate to the diet.  However, 
specific metabolic functions and carbohydrate-active enzymes were impacted by the 
presence of fermentable substrates in the colon.  Fiber source appears to impact 
physiological outcome variables in the cat, and future research studies should consider the 
impact of clinically-diagnosed disease states or highly varied diets (e.g., raw vs. extruded; 
high calorie vs. calorie-restricted) on microbial outcomes in the cat. 
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CHAPTER 1:  INTRODUCTION 
 
 The domestic cat has come to be viewed as a beloved family member in the 88 
million U.S. households that harbor them.  Providing adequate nutrition for this family 
member has become less challenging over the years, as the options for cat foods has 
expanded exponentially and cat owners have several choices regarding format (e.g., 
wet/canned, moist, dry/kibbled, and even raw or semi-cooked), flavor (e.g., salmon, 
chicken, venison, etc.), and ingredient source (natural, organic).  However, fiber 
supplementation to these cats often is overlooked, as it does not comprise a large portion of 
the “natural,” carnivorous diet provided to these animals.  Fiber plays an important role in 
several types of diets already available on the petfood market, especially in products that 
promote weight loss, manage hairball development, and affect gastrointestinal health. 
 Several types of dietary fibers currently are utilized by the petfood industry.  Beet 
pulp is possibly the most common fiber source used in cat diets.  It is a readily available 
byproduct of the sugar industry, and relatively inexpensive to include in a diet.  Cellulose 
also is widely incorporated into cat diets.  Cellulose has been observed to promote laxation, 
decrease metabolizable energy intake (Prola et al., 2006) to promote weight loss, manage 
the production of hairballs by providing bulk to the diet, and attenuate blood glucose 
responses in diabetic cats (Nelson et al., 2000).  Several other fiber sources also are used in 
cat diets, including pea fiber and oatmeal. 
Recently, fructans have gained popularity as a fiber source.  Fructans are one of 
three proven prebiotic substrates (Roberfroid, 2005), and research utilizing these compounds 
has demonstrated their ability to increase beneficial microbiota such as bifidobacteria and 
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lactobacilli, and decrease potential pathogens such as clostridia and some coliforms 
(Russell, 1998; Sparkes et al., 1998; Zentek et al., 2003).  Fructans also appear to decrease 
production of protein catabolites (ammonia, phenols, indoles, and biogenic amines) in dogs 
and some livestock animal species (Swanson et al., 2002a,b; Mikkelson et al., 2003; Cao et 
al., 2005; Pierce et al., 2006).  Many of these effects remain untested in the cat. 
Fructooligosaccharides have been shown to decrease urinary ammonia and modify 
nitrogen balance in adult cats (Groeneveld et al., 2001; Hesta et al., 2001, 2005).  However, 
these effects have not been investigated in the senior cat.  Senior cats are a prime candidate 
for FOS supplementation as they commonly experience renal diseases related to higher 
protein diets.  Work by Sunvold et al. (1995) demonstrated that FOS may impact nitrogen 
repartitioning away from the blood to the colon for bacterial growth, thus reducing the load 
of nitrogenous compounds on the kidney.  The first experiment (chapter 3) investigated the 
effects of supplementing 1% of oligofructose or a blend of oligofructose plus inulin on 
nitrogen balance, fermentative end-products, and fecal microbiota in senior cats. 
 When FOS is used, it typically cannot be supplemented at a rate higher than 1-2% of 
ingredients due to expense.  When investigated at higher concentrations in the diet (6-9%), 
FOS has been observed to cause loose stools and increase fermentation in the large bowel of 
the cat (Hesta et al., 2001).  Cellulose, on the other hand, is commonly used at a much 
higher percentage in diets that claim to prevent hairballs or constipation, or to help achieve 
or maintain weight loss in overweight cats.  Pectin is not currently used by the petfood 
industry, and research into pectin demonstrated detrimental effects (e.g., poor intake, body 
weight loss, diarrhea) on host animal health when supplemented at approximately 6-8% of 
the diet (Bueno et al., 2000).  The second experiment (chapter 4) utilized these fiber 
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substrates at 4% of the diet to determine nutrient digestibility, fermentative end-product 
production, and fecal microbiota concentration. 
 In vitro fermentation serves as a useful tool to assess the fermentability of a 
nondigestible carbohydrate or fiber source prior to in vivo utilization of the substrate under 
investigation.  Cellulose and pectin have been investigated previously in in vitro 
fermentation experiments, and are typically utilized as negative and positive controls, 
respectively, due to their nonfermentable and highly fermentable fiber properties.  
Fructooligosaccharides, alternatively, have rarely been investigated in vitro. When 
investigated in the cat, FOS were observed to be rapidly fermented (Sunvold et al., 1995).  
Dietary adaptation to a fermentable carbohydrate is thought to modulate microbial responses 
to fiber and fermentable carbohydrates, but has not been investigated in the cat.  In chapter 
5, cats were adapted to 4% cellulose, FOS, or pectin for 30 d, after which time fecal 
inoculum was generated to investigate whether adaptation to the aforementioned 
fermentable carbohydrates influenced gas and short- and branched-chain fatty acid 
production in vitro. 
 Finally, the microbiota of the cat are largely unknown, as the culture-independent 
techniques required to assess the microbial composition of the gastrointestinal tract have 
only recently been developed.  The functional capacity of the microbiota are unknown for 
similar reasons.  Research in other monogastric species has determined that the microbiome, 
or sum of the microbiota, of the gastrointestinal tract is much more diverse and numerous 
than previously determined via culturing techniques (Turnbaugh et al., 2006; Qu et al., 
2009; Brulc et al., 2009; Turnbaugh et al., 2009; Middelbos et al., 2010). In cats, 16S rRNA 
from the gastrointestinal tract of cats showed higher diversity of microbiota than had been 
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previously reported (Ritchie et al., 2008).  However, the functional capacity of the colonic 
microbiota remained unknown.  The sixth chapter aimed to determine the phylogenetic and 
functional metagenome of the cat as influenced by 4% supplemental cellulose, FOS, or 
pectin.  Results of this study are anticipated to influence future research into the microbiome 
and metagenome of the feline gastrointestinal tract. 
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CHAPTER 2:  LITERATURE REVIEW 
 
Introduction 
 A true carnivore, the domestic cat has several nutritional idiosyncrasies that have 
long challenged researchers.  The focus of feline nutrition has shifted from a more basic 
understanding of the nutrient needs of the cat to optimization of their health.  Formulation of 
high quality “premium” and “super-premium” cat diets has led to feeding greater 
concentrations of high-quality protein and fat sources.  However, this practice also can 
create a colonic environment in which protein catabolites predominate due to high 
concentrations of protein-fermenting microbiota.  These microbes and their catabolites can 
lead to strong odors and intestinal disease, in addition to decreased overall animal health, if 
a nutritional intervention, such as the addition of dietary fiber, is not employed.  Bearing in 
mind that fiber sources differ in their physical and chemical properties, researchers have 
attempted to determine ideal fiber sources for commercial cat foods that optimize gut health 
and nutrition. 
 
Use of dietary fiber by cats 
 Similar to other nonruminant animals, the cat has no carbohydrate requirement and, 
therefore, no dietary requirement for fiber.  Despite this, fiber plays a pivotal role in 
intestinal health of cats.  Several researchers have investigated the impact of adding fiber 
and fermentable carbohydrates to cat foods and, depending on the source and quantity 
added, have measured outcomes that both positively and negatively impact cat health. 
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 Cellulose is the fiber source usually available in the highest purity.  As cellulose is a 
very lowly fermentable, insoluble fiber, it acts as a bulking agent in the diet.  As such, 
cellulose often is used in reduced-calorie or “diet” foods to reduce caloric intake.  When 
added at 0, 2, 4, or 6% of the diet, higher concentrations resulted in a numerical increase in 
food intake (Prola et al., 2006).  Energy intake decreased 26% (P < 0.05) when cats 
consumed diets containing 6% cellulose.  In an earlier study, food intake increased 16% (P 
< 0.05) when cats consumed a diet supplemented with cellulose compared to a fiber-free 
control (Bueno et al., 2000).  The cats in this study consumed 42% more water (P < 0.05) 
than control cats.  While intake was not affected by fiber source, cellulose also decreased (P 
< 0.01) digestibilities of dry matter (DM; 8%) and organic matter (OM; 9%) but not N or 
lipid when fed at 9.5% of the diet (Sunvold et al., 1995).  When mixed with beef, 10% 
cellulose addition decreased OM digestibility by 26% (P < 0.05; Kienzle et al., 1991).  
However, digestibilities of crude protein (CP) and crude fat were not affected. 
In addition to altering food intake and nutrient digestibilities, cellulose can impact 
glucose metabolism in cats.  Cats fed a diet containing 12% cellulose exhibited a 24% 
decrease (P < 0.05) in postprandial glucose concentration after 24 wk (Nelson et al., 2000).  
Out of the 16 diabetic cats enrolled in the study, 12 responded to treatment with the 
cellulose-containing diet.  These cats experienced decreased glycated (glycosylated) 
hemoglobin concentrations (2.1 compared with 2.6%, P < 0.01).  Glycated hemoglobin is a 
long-term indicator of glucose homeostasis as it helps to elucidate blood glucose 
concentrations over the previous 4 to 8 wk (Lutz, 2009).  Longer-term indicators of glucose 
homeostasis of cats are important as cats exhibit stress-induced hyperglycemia and, thus, 
can yield false-positive results to a glucose tolerance test if stressed prior to or during the 
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time of their blood draw.  Decreased glycated hemoglobin concentrations, therefore, 
indicate improved overall glucose homeostasis in cats fed cellulose-containing diets. 
 Other dietary fiber sources also have been investigated in the cat.  Sunvold et al. 
(1995) examined the effect of dietary fibers added at 9.5% (as-is basis).  Dry matter and 
organic matter digestibility decreased (P < 0.05) 8 to 9% each when cats were fed diets 
containing beet pulp, a blend of fibers that optimized stool quality (75% cellulose and 25% 
gum arabic), or a blend of fibers designed to optimize both stool quality and short-chain 
fatty acid (SCFA) production (60% beet pulp, 22% rice bran, 10% citrus pectin, and 8% 
carob bean gum) as compared to cats fed a fiber-free control diet.  However, when a blend 
of fibers designed to maximize SCFA production (35% citrus pectin, 30% locust bean gum, 
20% carob bean gum, and 15% guar gum) was fed, digestibilities decreased (P < 0.05) 
markedly (DM, 30%; OM, 30%; N, 47%; and lipid, 58%).  This was reflected in the 
digestible and metabolizable energy values of these diets (105 compared with 216 kcal/d 
and 98 compared with 214 kcal/d, respectively).  The cats consuming the SCFA blend diet 
also experienced watery diarrhea and defecated twice as often as the cats on the other 
treatments. 
Apple pomace, included in concentrations from 10 to 40% of the diet, significantly 
decreased (P < 0.01) diet digestibility of DM (14 to 30%), OM (14 to 33%), CP (8 to 20%), 
and crude fat (1 to 6%; Feteke et al., 2001).  Bueno et al. (2000) added cellulose, beet pulp, 
and a pectin/gum arabic blend to cat diets at a concentration of approximately 6%.  The 
addition of pectin/gum arabic at this concentration resulted in decreased (P < 0.05) food 
intake, water intake, and body weight (24%, 20%, and -0.21 kg, respectively).  Peanut hull 
supplementation decreased (P < 0.001) DM digestibility by 26%, OM digestibility by 21%, 
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and CP digestibility by 11% (Feteke et al., 2004).  Supplementation with alfalfa meal 
decreased (P < 0.05) digestibility of DM (8%), OM (11%), and CP (2%).  Alternatively, 
beet pulp supplementation did not affect DM or CP digestibility and decreased (P < 0.001) 
OM digestibility by only 2%. 
Kienzle et al. (1991) investigated the impact of adding several fermentable and 
nonfermentable fiber sources to a beef-based cat diet.  When included at 10% of the diet, 
wheat bran decreased (P < 0.05) OM (10%) and CP (4%) digestibilities, but not that of 
crude fat.  Fifteen percent horn meal decreased (P < 0.05) OM (17%), CP (19%), and crude 
fat (11%) digestibilities.  Feather meal included at 15% of the diet decreased (P < 0.05) OM 
(5%) and CP (5%) digestibilities.  Dried grass meal, included at 15% of the diet, also 
decreased (P < 0.05)  OM (24%) and CP (6.3%) digestibilities.  Raw potato starch and raw 
corn starch were added at 39% of a meat meal/fat mixture and decreased (P < 0.05) OM 
(28% and 14%, respectively) and CP (7% and 11%, respectively) digestibilities while 
increasing (P < 0.05) crude fat (6% and 6%, respectively) digestibility. 
 Prebiotic fibers also have been studied in the feline, especially in relation to N 
partitioning between feces and urine.  This relates to the high dietary requirement of protein 
and amino acids by the cat, but also to the odors associated with their urine and feces.  
However, fecal odors are studied far more infrequently in prebiotic studies utilizing cats 
when compared to dogs or other animals.  Keeping in mind that cats eliminate waste indoors 
on a regular basis, research on modifying or eliminating these odors would be considered 
beneficial. 
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 Fructooligosaccharides (FOS) have been utilized as a source of prebiotics in cats.  
They may be prepared in several ways.  Inulin from chicory root can be subjected to 
enzymatic hydrolysis, forming shorter chain fructans (Roberfroid, 2005).  Also, enzymes 
can be mixed with sucrose to form polyfructan chains via transfructosylation (Van Loo and 
Vancraeynst, 2008).   As there are different processing methods, varying forms of FOS also 
are commercially available.  Short-chain FOS (scFOS) consists of fructose and glucose in 
chains with a degree of polymerization (DP) of three to five, and are recognized as kestose, 
nystose, and fructofuranosylnystose, while oligofructose (OF) consists of fructan chains 
with a DP < 10.  These forms of FOS are rapidly and completely fermented in the proximal 
colon (Van Loo and Vancraeynst, 2008).  Inulin has a DP > 60, and impacts microbial 
communities more distal in the colon (Van Loo and Vancraeynst, 2008). 
 The first publication regarding FOS in cats investigated its impact on fecal 
microbiota (Sparkes et al., 1998).  Healthy adult cats were supplemented with 0.75% FOS 
for 12 wk, and fecal samples were subjected to anaerobic culturing techniques.  Feces from 
cats supplemented with FOS contained 6.9% fewer Escherichia coli and 18.9% fewer 
Clostridium perfringens, and 2.9% more Lactobacillus spp. than did cats fed a non-
supplemented diet.  However, the total microbial counts between the two treatments were 
not significantly different.  Notably, Bifidobacterium adolescentis, the only bifidobacterium 
mentioned, was cultured from only one cat on the basal diet; thus, no change in 
bifidobacteria was determined.  However, cats do not necessarily harbor bifidobacteria and, 
if they do, this genera typically is a very small proportion of the colonic microbiome 
(Buddington and Paulsen, 1998). 
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Further research studied the impact of fructans on N balance and overall microbial 
growth with only minor emphasis, if any, on individual microbial populations.  Groeneveld 
et al. (2001) fed a commercially available cat food to adult cats with FOS supplemented at 
approximately 2% of the diet (0.25 g/kg
0.75
).  Supplementation for 19 and 22 d resulted in a 
26% increase (P < 0.05) in fecal N output per day as well as a 4% increase in apparent N 
absorption.  Food intake and N balance were unaffected by treatment, while urinary N 
concentrations decreased numerically.  Microbiota were not measured in this study, but the 
authors attributed the increased fecal N excretion to an increase in microbial protein in the 
feces.  This can be attributed to the repartitioning of N in the body: as N is excreted in feces 
instead of urine, it becomes available to the microbes in the large intestine for growth.  
Furthermore, the microbes are supplemented with FOS, which selectively stimulates the 
growth of beneficial microbiota (e.g., bifidobacteria and lactobacilli), an index of improved 
colonic health. 
 Supplementation of up to 9% OF and 6% inulin have been studied in the cat (Hesta 
et al., 2001).  When compared to no supplementation, 9% OF resulted in a 40% increase (P 
< 0.05) in the number of defecations per day and a 39% increase (P < 0.05) in the amount of 
fresh feces produced per day.  This concentration also decreased (P < 0.05) fecal scores (i.e., 
production of a more watery stool), as evidenced by a 20% increase in fecal moisture 
concentration.  Supplementation of inulin at 6% of the diet resulted in a 25% decrease (P < 
0.05) in urine production and a 7% increase (P < 0.05) in fecal moisture concentration.  
Based on the results of these studies, a diet with no supplemental fructans was compared to 
diets containing 3 or 6% inulin and 3% OF (Hesta et al., 2001).  Apparent crude protein and 
crude fat digestibilities decreased (4 to 11% and 3 to 6%, respectively; P < 0.05) with no 
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observed change in DM digestibility.  Microbial N increased 23% (3% inulin) to 39% (6% 
inulin; P < 0.05), and total fecal SCFA concentrations increased 71% (P < 0.05) when cats 
were supplemented with 6% inulin.  Given that fecal moisture increased and fecal scores 
decreased dramatically for cats consuming higher concentrations of inulin and OF, these 
values might be considered outside of the recommended concentration range for routine 
supplementation of the cat and, thus, a concentration closer to 3% might be more 
appropriate. 
 Using a concentration of 3.11%, Hesta et al. (2005) followed up on their previous 
research by investigating urea metabolism as affected by OF supplementation of the cat.  
Following a 3 wk adaptation, plasma urea concentrations decreased 14% in cats 
supplemented with OF.  Fecal output (DM basis; 27%) and N excretion (36%) tended (P = 
0.068) to increase, while urine production tended to decrease (24.5%, P = 0.068).  Fecal 
microbial N (as a percentage of N intake) tended to increase 125% (P = 0.068), emphasizing 
the interaction between N repartitioning and OF supplementation in increasing colonic 
microbial populations.   
 Verbrugghe et al. (2009) investigated the impact of FOS on glucose and amino acid 
metabolism in adult cats.  When supplemented with 2.5% of a FOS blend (1 OF:1 inulin), 
compounds related to clearance of SCFA were modified; specifically, plasma 
propionylcarnitine (105%) and butyrylcarnitine (67%) concentrations increased (P ≤ 0.03) 
while methylmalonylcarnitine concentrations tended to decrease (33%; P = 0.072).  This 
may indicate that amino acid catabolism and, thus, gluconeogenesis, is decreased in cats fed 
FOS.  Fasting plasma glucose and insulin concentrations were not greatly affected by the 
addition of FOS to the diet.   This may indicate that adding FOS as a fiber source to a diet 
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for diabetic cats will not further impair the animal’s glycemic tolerance.  Together with the 
amino acid modifications, this may indicate that FOS could benefit the diabetic/insulin 
resistant cat by decreasing glucose generation via SCFA end-product modulation. 
 Most recently, Kanakupt (2010) investigated the effects of supplementing the cat 
with low concentrations of FOS or GOS alone (0.5% of the diet) or in combination (1% 
total prebiotic).  All prebiotic treatments increased fecal bifidobacteria concentrations.  This 
outcome was anticipated, as both FOS and GOS are true prebiotic compounds and would be 
expected to increase bifidobacteria concentrations in the feces.  Fecal output and acetate, 
butyrate, and total SCFA concentrations increased when cats were supplemented with the 
combination of prebiotics, while decreasing digestibility of crude protein and fecal pH and 
tyramine concentrations.  These results would appear to support increased fermentation in 
the colon of the cat, but it is unclear whether these effects were observed due to a synergistic 
effect of the combination of the prebiotics (addition of FOS plus GOS to the diet) or if the 
results are due to an increase in total supplemental prebiotic (1.0% versus 0.5%).   
 
Odor- and disease-causing catabolites 
 As mentioned previously, indoor waste elimination can be problematic for cat 
owners as both urine and feces may emit unpleasant odors in the home.  Cats naturally 
produce felinine, the source of the “catty” odor associated with cat urine.  Hendriks et al. 
(1995) noted that uncastrated males produce the most felinine (9.7 mM; P < 0.05 versus 
castrated males), while castrated males produce less (2.4 mM) and female cats produce even 
lower concentrations (1.6 mM when intact and 1.0 mM when spayed).  However, feces 
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contains the most volatile odors, and these odors can increase exponentially when a surplus 
of fermentable fiber is added to the diet of the cat. 
 Most closely associated with fiber fermentation are SCFA.  Acetate, propionate, and 
butyrate are produced by microbiota in the colon, provided that the fiber or fermentable 
carbohydrate source can be fermented by the microbes residing there.  These SCFA, 
particularly butyrate, serve as a source of colonic energy as glucose is limited in the distal 
intestinal tract (Miniello et al., 2003).  Also important as regards intestinal health, SCFA 
reduce the pH of the luminal environment (Asad et al., 2008).  This allows for increased 
growth of beneficial microbiota (e.g., bifidobacteria and lactobacilli) while decreasing the 
populations of more negative, potentially pathogenic microbiota (e.g., Clostridium 
perfringens and E. coli).  This change in pH also affects production of other end-products of 
fermentation, such as those created by protein fermentation. 
 In addition to fermentation of carbohydrates escaping hydrolytic and enzymatic 
digestion, nondigestible proteins also are subjected to fermentation in the colon.  These 
proteins are available to colonic microbes owing to protein complexation during the 
extrusion process, or because mucus and other endogenous nitrogenous secretions in the gut 
were not digested or absorbed in the upper gastrointestinal tract.  Several compounds may 
be produced during fermentation of protein in the colon, including ammonia, branched-
chain fatty acids (BCFA), phenols, indoles, and biogenic amines. 
 Ammonia is produced when deamination of amino acids occurs (Cummings and 
Macfarlane, 1991).  Ammonia is toxic to host animal cells and may result in DNA 
alteration, as ammonia will negatively impact DNA synthesis (Cummings and Macfarlane, 
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1991).  This results in alterations in cell morphology and metabolism, as epithelial cell 
turnover time is increased.  However, the detrimental effects of ammonia can be ameliorated 
by microbial alteration.  Bifidobacteria are capable of producing acids that reduce ammonia 
to ammonium, thus creating a less toxic colonic environment (Gibson and Roberfroid, 
1995). 
Branched-chain fatty acids (BCFA), namely isobutyrate, isovalerate, and valerate, 
are produced via fermentation of protein in the colon (Macfarlane and Cummings, 1991).  
These compounds are produced from valine, isoleucine, and leucine, and increase in 
concentration as the luminal contents travel from the ascending to the descending colon 
(Macfarlane and Cummings, 1991).  This occurs due to the decreasing concentration of 
fermentable carbohydrate and, thus, increasing concentration of protein available for 
microbial use. 
 Phenols and indoles, like BCFA, are produced by fermentation of amino acids 
(Cummings and Macfarlane, 1991).  Indole is generated from tryptophan while phenol, 4-
ethylphenol, and p-cresol are generated from tyrosine (Macfarlane and Cummings, 1991).  
Indole can be quantified in urine as well as feces because it is easily removed from the 
intestine owing to the fact that it is lipid-soluble.  Phenols and indoles are not considered 
carcinogenic when found alone in the intestine; however, these compounds are rarely, if 
ever, the sole putrefactants produced and released in the colonic environment.  When 
combined with other putrefactants, phenols and indoles catalyze colon carcinogenesis and, 
thus, are a main target for reduction in the colon with dietary fiber intervention. 
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 Biogenic amines also are produced when amino acids are deaminated during 
fermentation (Macfarlane and Cummings, 1991).  Histamine is produced from the 
decarboxylation of histidine, and other biogenic amines are generated in the same fashion: 
cadaverine from lysine; tyramine from tyrosine; tryptamine from tryptophan; 
phenylethylamine from phenylalanine; and agmatine from arginine. Putrescine can be 
produced from ornithine via decarboxylation, and from arginine via decarboxylation and 
hydrolysis (Macfarlane and Cummings, 1991).  While the other protein catabolites are 
considered negative when found in intestinal contents, biogenic amines can positively 
influence epithelial cells in the intestine.  Putrescine, spermidine, and spermine are 
considered beneficial in low concentrations, as they are associated with apoptosis and cell 
turnover (Guo et al., 2005; Linsalata and Russo, 2008). 
 Fiber and prebiotic oligosaccharides have been investigated as potential dietary 
modulators of the aforementioned odor- and disease-causing catabolites in the colon.  
Unfortunately, data are lacking in this area for cats when compared to other species as only 
two articles have been published.  Lactosucrose decreased (P < 0.05) fecal concentrations of 
ammonia by 52% after 14 d of supplementation (Terada et al., 1993).  Also decreased (P < 
0.05) with lactosucrose supplementation were fecal ethylphenol (61%), fecal indole (39%), 
and urinary ammonia (43%) concentrations (Terada et al., 1993).  When supplemented with 
3% inulin, fecal percentages of SCFA were not significantly different from a control 
treatment with no supplemental fructan, but result in a change (P < 0.05) in the 
acetic:propionic acid ratio (2.26 for 3% inulin compared with 2.68 for the control; Hesta et 
al., 2001).  However, supplementation with 6% inulin increased (P < 0.05) total SCFA 
concentrations by 76%, decreased the percentage of acetic acid while increasing the 
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percentage of valeric acid quantified in feces (P < 0.05), and further reduced the 
acetic:propionic acid ratio (2.13; Hesta et al., 2001).  Supplementation with 3% 
oligofructose did not change fecal concentrations of SCFA significantly (Hesta et al., 2001). 
 
Gastrointestinal microbiology of the cat 
 What we know of the gastrointestinal microbiome of the cat is limited, and much of 
this information comes from plating or culture-based techniques.  To successfully culture a 
single microorganism on a plate, one must know its specific requirements for growth, 
including but not limited to the optimal growth temperature, oxygen tolerance, nutrient 
requirements, antibiotic resistance/tolerance, and the color that the microbial colonies 
express on the given agar.  The four main reasons that culturing may be unsuccessful are: 
(1) the organisms are not viable or are stressed, (2) the microbiota require other microbes 
(symbiotic organisms) or a host-derived substrate to exist, (3) there is a bias in selectivity of 
the media chosen for microbial growth, and (4) there is a general lack of information about 
the nutrient requirements of the microbes to be cultured (Ben-Amor et al., 2002; Tuohy et 
al., 2009).  The gastrointestinal tract is dominated by microorganisms that are anaerobic, 
making collection and subsequent plating of viable anaerobic microbes very difficult if not 
impossible.  As many as one-third of the microbiota contained in fecal samples may be dead 
(Apajalahti et al., 2003).  Furthermore, microbial cells can be injured in the retrieval 
process, and injured cells are viable but difficult to cultivate (Ben-Amor et al., 2002).  
Typically, samples are collected as fresh as possible (within 15 min of defecation if using 
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feces as is typically the case with cats), but even this short period of exposure to oxygen can 
kill a significant number of viable microbes. 
 Early publications exploring the microbiome of the cat discovered Enterococcus spp. 
in the stomach, jejunum, and colon of each of 12 cats sampled (Obaldiston and Stowe, 
1971).  The stomach of cats also contained Lactobacillus spp. (9 of 12 cats), Streptococcus 
spp. (4 of 12), Escherichia spp. (4 of 12), and Eubacterium spp. (4 of 12), among other 
genera.  Jejunal contents contained Lactobacillus spp. (10 of 12), Streptococcus spp. (10 of 
12), Staphylococcus spp. (4 of 12), and Escherichia spp. (8 of 12).  Colonic contents 
contained Streptococcus spp. (6 of 12), Staphylococcus spp. (5 of 12), Lactobacillus spp. (9 
of 12 cats), and Escherichia spp. (12 of 12). 
Throughout the 1990’s and even into the early 2000’s, culturing of microbial species 
served as a common method of delineating the microbial ecology of the gastrointestinal 
tract.  Bueno et al. (2000) cultured aerobic and anaerobic microbiota from cats fed diets 
supplemented with approximately 6% cellulose, beet pulp, or a pectin/gum arabic mixture.  
While no changes were observed compared to a non-fiber control for cellulose, aerobic and 
anaerobic microbiota decreased 14 and 9%, respectively (P < 0.05), after 15 d of 
supplementation of cats consuming the beet pulp diet.  Surprisingly, microbial populations 
also decreased in cats consuming the pectin/gum arabic diet compared to the non-fiber 
control diet.  As these fibers are highly fermentable, they would be expected to increase 
microbial concentrations in the colon. 
More recent feline research has used more modern technologies to elucidate the 
intestinal microbial ecology.  Culture-dependent methods have given way to culture-
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independent technologies such as fluorescence in situ hybridization, or FISH, and 
quantitative polymerase chain reaction (qPCR).  Both of these methods utilize segments of 
the 16S subunit of ribosomal RNA to identify microbiota, although each assay utilizes 
different technologies in an attempt to identify microbes.  The 16S gene contains both 
conserved and variable regions of nucleotide sequences (Gray et al., 1984).  The variable 
region of this molecule is unique to a given microbial species, although it maintains some 
commonalities to other microbes within the same genera (Monstein et al., 2001).  One such 
study utilized FISH to distinguish microbial communities between healthy cats and ones 
with irritable bowel syndrome (Inness et al., 2007).  However, these studies are few, and 
scientists have much to learn about the microbiome of the cat intestine and its interactions 
with host animal health.  The majority of research attempts to correlate microbial species to 
the concentrations of fermentative end-products in feces.  While this practice has merit, end-
products measured in feces represent only a fraction of those produced in the colon as up to 
95% of SCFA produced can be absorbed (Engelhardt, 1995).   
Pyrosequencing, like other culture-independent techniques, provides additional 
insight to microbiomes that previously have been uninvestigated.  It allows researchers to 
investigate complex environments like the gastrointestinal tract (Turnbaugh et al., 2006, 
2009; Ley et al., 2008; Qu et al., 2008; Brulc et al., 2009).  Furthermore, it has allowed 
researchers to elucidate interactions between the host and microbes.  Several studies have 
investigated the impact of microbial composition on host health, specifically in the case of 
host leanness versus obesity (Turnbaugh et al., 2006, 2009).  Initial investigations into this 
area noted an approximate increase of 18% in the phylum Firmicutes with an approximately 
equal decrease in the phylum Bacteroidetes in obese mice (Turnbaugh et al., 2006).  The 
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increased obesity of these mice was attributed to an increased capacity to harvest energy 
from cecal contents (Turnbaugh et al., 2006).  In humans, obese twins were compared to 
their lean twin counterpart and noted to have a 59% increase in Actinobacteria with an 80% 
decrease in Bacteroidetes (full-length reads; Turnbaugh et al., 2009).  No differences were 
noted for Firmicutes so the increased energy harvest in humans, therefore, was attributed to 
Actinobacteria.  However, bifidobacteria, one of the target species of prebiotics, belongs to 
this classification.  While numerous other microbial species belong to this phylum, it would 
be detrimental to prebiotic use if they were linked to weight gain. 
 Few studies have been conducted to date to elucidate the microbiome of the cat 
intestine.  Ritche et al. (2008) studied contents from multiple segments of the 
gastrointestinal tract of 4 cats.  Using 16S RNA clone libraries coupled with 
pyrosequencing, these researchers observed that 5 phyla of microbes reside in the cat 
gastrointestinal tract (Firmicutes – dominant, Proteobacteria, Bacteroidetes, Fusobacteria, 
and Actinobacteria), and it is dominated by members of the order Clostridiales.  The 
jejunum of cats contains mainly Clostridiales and Lactobacillales, while the ileum is 
dominated by Clostridiales and, to a lesser extent, Bacteroidetes.  The colon had a high 
abundance of Clostridiales cluster I, which contains many of the potentially pathogenic 
species like C. botulinum and C. perfringens, as well as some members of Bacteroidetes.  
One cat, raised as specific pathogen free until 7 wk of age, also was evaluated.  Only three 
phyla were present in this cat: Firmicutes, Proteobacteria, and Bacteroidetes.  Firmicutes 
were again the dominant microbiota, but only clostridial species, mainly from cluster I, were 
identified. 
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 In a follow-up study, Ritchie et al. (2010) collected fecal samples from 24 healthy 
laboratory cats, and 16S rRNA clones were generated from fecal DNA.  This analysis 
reported that Firmicutes dominate the gastrointestinal tract of adult cats, comprising 84% of 
clones sequenced.  Proteobacteria, Bacteroidetes, Actinobacteria, and Fusobacteria also 
were identified, but at much lower concentrations.  Of the Firmicutes, 75% of sequences 
were identified as Clostridiales.  This study also sought to identify lactobacilli and 
bifidobacteria using PCR primers specific to these microbes.  All cats contained 
bifidobacteria or bifidobacteria-like species, and Bifidobacterium subtile was the most 
common species.  Lactobacilli were identified in 92% of cats, and Lactobacillus aviaries 
and L. paracollinoides were the most prevalent species.   
 Handl et al. (2010) investigated microbial 16S rRNA and fungal 18S rRNA genes 
from cat feces using 12 healthy pet cats.  This study supports the findings of the two studies 
by Ritchie et al. (2008; 2010) that Firmicutes dominate the feline gastrointestinal 
microbiome at 92% of sequences.  The class Clostridia dominated this group, comprising 
65% of sequences related to Firmicutes.  Actinobacteria were the second-most prominent 
phyla in this experiment.  As regards fungi, all fungal sequences were identified to be part of 
the phylum Ascomycota.  The majority of these sequences (59%) were identified as 
members of the class Saccharomycetes, with the genus Saccharomyces comprising nearly 
all of these sequences.  Eurotiomycetes was the second-most dominant phylum, consisting 
of sequences related to the genera Aspergillus and Penicillium.  
While these studies serve as the “state of the art” for the cat intestinal microbiome, 
they have several pitfalls.  In the Ritchie et al. (2008) study, the cats were removed from 
feed prior to euthanasia and so several intestinal segments did not contain any digesta; 
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therefore, the stomach and rectum were represented by a single sample, while only two 
duodenal and jejunal samples were evaluated.  In addition, bifidobacteria, one of the most 
frequently researched microbial genera, were not detected although other members of the 
phylum Actinobacteria were detected.  One of the limits of cloning technology is that 
bifidobacteria often are not detected with 16S RNA-based technologies (Ritchie et al., 2008, 
Wang et al., 2003; Suchodolski et al., 2008).  Should this technology be utilized in prebiotic 
studies, this limitation must be acknowledged and may necessitate complementary 
techniques that recognize bifidobacteria.  Because a low number of animals were used, 
samples were not collected from each intestinal site, raising the question of accuracy in 
identification.  Finally, while use of a single SPF cat gives an idea of the microbiome in this 
animal, it is difficult to apply this information to all SPF cats as there is no indication of 
variability. 
 The second study by Ritchie et al. (2010) clarified the findings of the first study by 
this group.  Both studies determined that Firmicutes dominate the gastrointestinal tract of 
the cat, and that there are other species present at lower concentrations.  However, compared 
to other animal species (Turnbaugh et al., 2006, 2009; Ley et al., 2008; Suchodolski et al., 
2008; Middelbos et al., 2010), the cat would appear to have a very high concentration of 
Firmicutes in the gastrointestinal tract.  In contrast to results of the first study, the second 
study was able to identify bifidobacteria in the gastrointestinal tract of the cat.  The presence 
of bifidobacteria have long been questioned in the cat, and now have been confirmed 
through several microbial identification techniques.  Handl et al. (2010) advanced the 
understanding of the feline gastrointestinal tract by describing the fungal species identified 
through cloning. 
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Summary 
Much remains to be discovered about the fiber requirement of the cat and the impact 
of fiber source on the gut microbiome.  The cat is sometimes used as a model for human 
health, as it is more similar to humans than the dog for certain health conditions like 
diabetes and aberrant lipid metabolism (Hoenig, 2006).  Research on the gastrointestinal 
microbiome of the dog showed that its microbial community, as reflected in feces, is not as 
similar to that of humans as was previously thought, as the dog colon harbors many more 
phyla that have been found to reside in the human colon (Middelbos et al., 2010).  Once the 
microbiome of the cat is discovered, untold numbers of dietary treatments may be 
investigated to elucidate the impact of nutritional intervention, obesity, and intestinal 
disease on the symbiotic relationship between the host (i.e., the cat) and the gut microbiota.  
Carbohydrates will no doubt figure prominently in this relationship. 
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CHAPTER 3: FRUCTAN SUPPLEMENTATION OF SENIOR CATS AFFECTS 
STOOL METABOLITE CONCENTRATIONS AND FECAL MICROBIOTA 
CONCENTRATIONS, BUT NOT NITROGEN PARTITIONING IN EXCRETA 
 
ABSTRACT: Fructan supplementation of a commercially-available canned cat food was 
evaluated using senior (≥ 9 yr) cats to assess nitrogen (N) partitioning in excreta and stool 
metabolite and microbiota concentrations.  Oligofructose (OF) or SynergyC (OF+IN) were 
added to the diet individually at 1% (dry weight basis).  Cats were acclimated to the control 
diet for 7 d, then were randomly assigned to one of three treatment groups for 21 d (n = 6).  
Feces and urine were collected on d-6 and 7 (baseline) as well as on d-22 through 28 
(treatment).  No differences were observed in food intake; fecal output, dry matter 
percentage, score, pH, or short- or branched-chain fatty acids; fecal and urinary ammonia 
output; urinary felinine concentrations; or N retention.  Supplemental OF+IN decreased N 
digestibility (P < 0.10) and fecal indole (P < 0.05), tyramine (P < 0.05), Bifidobacteria spp. 
(P < 0.10), and Escherichia coli (P < 0.05) concentrations.  Both fructans decreased (P < 
0.05) fecal histamine concentrations.  Decreased apparent N digestibility was likely due to 
increased colonic microbial protein synthesis of fructan-supplemented cats.  Fructan 
supplementation may benefit senior cats as it modulates stool odor- and disease-causing 
metabolites and gut microbiota concentrations without affecting N retention. 
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INTRODUCTION 
 Prebiotic research in the cat is sparse when compared to that reported in other 
nonruminant species.  As the cat is a true carnivore, it has been somewhat overlooked as a 
candidate for prebiotic supplementation.  However, the cat is a prime target for prebiotic 
research given that several disease-causing, odiferous protein catabolites are known to be 
derived from fermentation of amino acids and, since the cat has a high crude protein 
requirement, it is likely that these compounds are generated in high concentrations.  As 
such, when prebiotics have been supplemented to the cat, modifications in N digestibility 
and nitrogenous compound concentrations in urine and faeces have been investigated.  
Furthermore, senior cats would be an ideal population in which to study these effects as 
senior cats may experience reduced crude protein digestibility (Perez-Camargo, 2004) which 
may contribute to further N loss to the large intestine and the bacterial population that 
resides there. 
The odors associated with indoor waste elimination concern most cat owners.  As 
such, research has investigated odor components associated with urine and faeces as well as 
methods to reduce the production of these odors.  Ammonia concentrations increase with 
consumption of protein (Green et al., 2008), but appear to be modulated with the addition of 
prebiotics to the diet.  Urinary N, in the form of ammonia or urea, is repartitioned to the 
faeces when the cat is supplemented with fructooligosaccharides, which is recycled into 
microbial mass (Groeneveld et al., 2001; Hesta et al., 2005).  Felinine, the source of “catty” 
odor in urine, is detected in greatest concentrations in intact cats, specifically males, but is 
detectable in neutered cats as well (Hendriks et al., 1995). 
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Odors associated with faeces have been less frequently investigated in the cat with 
respect to prebiotic supplementation.  Short-chain fatty acids (SCFA) and branched-chain 
fatty acids (BCFA) are associated with fermentation of carbohydrates and protein in the 
large intestine, respectively (Macfarlane and Cummings, 1991), and can cause unpleasant 
odors.  Of the two, SCFA benefit intestinal health by providing energy to the colonocytes 
(Macfarlane and Cummings, 1991).  Other sources of fecal odor include phenols, indoles, 
and biogenic amines, all of which result from amino acid fermentation in the large intestine 
(Macfarlane and Cummings, 1991).  These compounds are not well studied in the cat; 
however, they appear to be affected by fructan supplementation of dogs (Propst et al., 2003; 
Swanson et al., 2002a, b).  The objective of this study was to determine the effects of 
supplementing senior cats with two prebiotic fructans on N partitioning, nutrient 
digestibility, fecal odor components, and fecal microbiota concentrations. 
 
MATERIALS AND METHODS 
All animal care procedures were approved by the University of Illinois Institutional 
Animal Care and Use Committee before initiation of the experiment. 
Animals and Diets   
 Eighteen senior cats (≥ 9 yr old) were randomized into 3 treatment groups, equalized 
for age (average initial age = 11.4 ± 1.6 yr), gender (3 castrated male and 3 intact females 
per group), and weight (average initial weight = 5.11 ± 1.46 kg).  Cats were housed 
individually in stainless steel metabolism crates (0.61 m x 0.61 m x 0.61 m) with plastic 
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flooring.  Cats were provided a modified litter box to assist in the collection of faeces and 
urine.  Cats were housed in an environmentally controlled room with free access to water.   
 Three dietary treatments were utilized in this study: a control treatment that 
consisted of a commercially available canned cat diet (Whiskas chicken and tuna dinner; 
Mars Petcare, Franklin, TN) with no supplemental fructan (Control), a treatment that 
consisted of the control diet with 1% oligofructose with an average DP = 4 and a DP range 
from 2 to 7 (Orafti-P95, BENEO-Group, Tienen, Belgium) added on a dry weight basis 
(OF), and a treatment that consisted of the control diet with 1% of an experimental chicory 
fructan composed of chains with a DP of 2 to 10 (60%) and of DP > 10 (28%; SynergyC, 
BENEO-Group, Tienen, Belgium) added on a dry weight basis (OF+IN).  SynergyC was 
designed so as to distribute prebiotics throughout the colon in order to selectively stimulate 
intestinal fermentation in both the proximal (DP = 2 to 10 fraction) and more distal parts 
(DP > 10 fraction) of the intestine.  The ingredients of the commercial diet as they appear on 
the label are listed in Table 3-1.  This diet was chosen as it contained low concentrations of 
intrinsic fiber and would allow for quantitative delivery of fructans.  The fructan treatments 
were incorporated into the diet by batch blending (approximately 3 min) in a Hobart 
industrial mixer (model A-200 DT, Hobart Corp., Troy, OH).  To maintain diet consistency, 
the control diet was blended in the same fashion as the supplemented diets. 
Design 
 A completely randomized design was used.  All cats were fed the control diet for a 
baseline period of 7 d.  Due to the high variation in starting weights of senior cats, they were 
fed to meet their individual metabolic energy requirements (MER; based on the equation of 
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Radicke, 1995; NRC, 2006).  Cats were fed once daily to meet 100% of their MER on d 1-4, 
followed by 90% of their MER on d 5-7 to allow for assessment of basal N balance and 
fecal metabolite concentrations.  Cats then were assigned randomly to one of the three 
dietary treatments for the remainder of the study.  Cats were fed once daily to meet 100% of 
their MER on d 8-19, followed by 90% of their MER on d 20-28 to allow for assessment of 
N balance and fecal metabolite concentrations as affected by treatment.  Food refusals were 
weighed back daily.  Body weight was recorded on d 1, then weekly until the end of the 
study. 
Litter Pan Design and Urine Collection 
 Litter boxes were constructed by drilling approximately 400 holes 2-mm in diameter 
in the bottom of one litter box, sufficient to allow urine to freely flow through the bottom of 
the litter pan while supporting the weight of the cat using the box.  To this pan, 6 tapped 
spacers 2.5-cm in length (4 size #6, 2 size #8, and 2 size #10) were attached under the rim of 
the litter pan with corresponding sizes of stainless steel screws.  This modified litter box was 
placed inside an unmodified litter pan to collect total urine excreted.  Approximately 1.36 kg 
of 6-mm glass beads (Fisher Scientific, Inc., Pittsburgh, PA) were added to the modified 
litter box to allow for separation of faeces from urine, and to allow the cat to perform its 
natural behavior of covering its faeces. Cats utilized the experimental litter box throughout 
the entire experiment so as to not change the environment of the cat once the experiment 
had begun. 
 Urine was collected on d-6 and 7 and d-22 through 28 for analysis of urinary N and 
ammonia concentrations.  Urine was acidified by placing 10 mL of 2N HCl in the 
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unmodified litter pan, and was collected twice daily.  All urine was pooled for each cat by 
collection period, sealed in clean 1 L Nalgene bottles, and stored at -4
o
C for subsequent 
analyses. 
Fecal Collection 
 Total faeces excreted were collected on the aforementioned days of urine collection 
for determination of apparent nutrient digestibility.  On d-6 and 7 and d-26 through 28, 
faeces were collected within 15 min of defecation for determination of pH, protein 
catabolites, and microbiota.  Freshly voided faeces were collected into sterile sampling bags 
(Whirl-Pac, Pioneer Container Corp., Cedarburg, WI) within 15 min of defecation and 
processed immediately in order to minimize any loss of volatile components.  Fecal samples 
were weighed before measuring pH, using an AP10 pH meter from Denver Instrument 
(Fischer Scientific, Inc., Pittsburgh, PA) with a FUTURA refillable combination AgCl 
electrode with rugged (semi-flat) bulb (Beckman Instruments, Inc., Fullerton, CA).  Fecal 
consistency was scored using a scale of 1 to 5, with 1 being a hard, dry pellet; 2 being hard, 
formed, dry stool that remains firm and soft; 3 being soft, formed, moist stool that retains its 
shape; 4 being soft, unformed, pudding-like stool that assumes the shape of a container; and 
5 being watery, liquid stool that can be poured.  Fecal aliquots were sealed in clean 
centrifuge tubes and stored at -20
o
C for subsequent analyses of amines, phenols, and 
indoles.  A fecal aliquot was acidified with 5 mL of 2N HCl, then sealed in a clean 60 mL 
Nalgene bottle (Nalgene Nunc Int’l. Corp., Rochester, NY) for subsequent analyses of 
SCFA, BCFA, and ammonia concentrations.  Also, a fecal sample was sealed in a sterile 
cryovial, snap frozen in liquid N, and stored at -80
o
C for subsequent analyses.  Remaining 
faeces excreted during the collection period were collected from the litter boxes, weighed, 
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composited, and frozen at -20
o
C for subsequent analyses.  Fecal samples were composited 
by cat and period, then dried at 55
o
C in a forced-air oven.  After drying, fecal samples were 
ground through a 2-mm screen in a Wiley mill (model 4, Thomas Scientific, Swedesboro, 
NJ).  Excess hair was removed from ground fecal samples using a series of sieves until as 
many hair fragments as possible were removed. 
Chemical Analyses 
 Diet and fecal samples were analysed for dry matter (DM), organic matter (OM) 
(AOAC, 2000), Leco N (AOAC, 2000), acid hydrolyzed fat (AHF; Budde, 1952; AACC, 
1983), and gross energy (GE) (Parr Instrument Co., Moline, IL; Parr Instrument Manuals).  
Diet samples also were analysed for total dietary fiber (TDF) content (Prosky et al., 1992) 
and free monosaccharides and oligosaccharides (Smiricky et al., 2002).  Urine samples were 
analysed for felinine concentrations at the University of Missouri-Columbia Agricultural 
Experiment Station Chemical Laboratory using a felinine standard (L-felinine, US 
Biologicals, Swampscott, MA) in a physiological amino acid method (Deyl et al., 1986; 
Fekkes, 1996; Le Boucher et al., 1997).  All procedures were performed in duplicate.  To 
maintain quality control during chemical analyses, the error between duplicate samples was 
determined and, if it exceeded 5%, the assay was repeated.  Fresh faeces were analysed for 
DM, OM (AOAC, 2000), Leco N (AOAC, 2000), pH, SCFA (Erwin et al., 1961), BCFA 
(Erwin et al., 1961), ammonia (Chaney and Marbach, 1962), phenols, indoles (Flickinger et 
al., 2003), and biogenic amines (Flickinger et al., 2003).  Urine was analysed for Leco N 
(AOAC, 2000) and ammonia concentrations. 
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Microbial Analyses 
 Microbial populations were analysed using methods described by Middelbos et al. 
(2007b) with minor adaptations.  Briefly, fecal DNA was extracted from freshly collected 
samples that had been stored at −80°C until analysis, using the repeated bead beater method 
described by Yu and Morrison (2004) followed by a QIAamp DNA stool mini kit (Qiagen, 
Valencia, CA) according to manufacturer’s instructions.  Extracted DNA was quantified 
using a NanoDrop ND-1000 spectrophotometer (Nano-Drop Technologies, Wilmington, 
DE).  Quantitative PCR was performed for Bifidobacterium spp., Lactobacillus spp., E. coli, 
and C. perfringens.  Specific primers were used for bifidobacteria (Matsuki et al., 2002), 
lactobacilli (Collier et al., 2003), E. coli (Malinen et al., 2003), and C. perfringens (Wang et 
al., 1994). Amplification was performed according to DePlancke et al. (2002). Briefly, a 10-
µL final volume contained 5 µL of 2× SYBR Green PCR Master Mix (Applied Biosystems, 
Foster City, CA), 15 pmol of the forward and reverse primers for the bacterium of interest, 
and 10 ng of extracted fecal DNA. Standard curves were obtained by harvesting pure 
cultures of the bacterium of interest in the log growth phase in triplicate, followed by serial 
dilution. Bacterial DNA was extracted from each dilution using a QIAamp DNA stool mini-
kit and amplified with the fecal DNA to create triplicate standard curves using an ABI 
PRISM 7900HT Sequence Detection System (Applied Biosystems).  Colony forming units 
(cfu) in each dilution were determined by plating on specific agars; lactobacilli MRS 
(Difco) for lactobacilli, reinforced clostridial medium (bifidobacteria, C. perfringens), and 
Luria Bertani medium (E. coli). The calculated log cfu/mL of each serial dilution was 
plotted against the cycle threshold to create a linear equation to calculate cfu/g dry faeces. 
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Statistical Analyses 
 Data were analysed using a completely randomized block design.  Data for fecal 
DM, fecal OM, pH, ammonia, phenols, indoles, biogenic amines, SCFA, and BCFA were 
analysed using Mixed model procedures of SAS (SAS Inst. Inc., Cary, NC, 1985).  Outlier 
data were removed from analysis after analyzing data through the Univariate procedure of 
SAS to produce a normal probability plot based on residual data and visual inspection of the 
raw data.  Outlier data were defined as data points 3 or more standard deviations from the 
mean value.  This accounted for one cat on each of the three treatments, and these cats were 
completely removed from the dataset.  Stool consistency data were analysed as categorical 
data by the GLIMMIX procedure of SAS.  The model contained the fixed effect of diet and 
the random effect of cat.  Treatment differences for all statistical analyses were assigned 
using the least significant difference calculated from standard errors using the Mixed models 
procedure.  Significant differences were analysed at P < 0.05, and trends were mentioned if 
P ≤ 0.10. 
RESULTS 
 The basal diet contained five sources of protein, including meat by-products, poultry 
by-products, chicken, fish, and tuna.  These ingredients also provided dietary fat.  No grains 
or grain by-products were present in the diet.  The diets contained two sources of 
fermentable substrate, namely, guar gum and carrageenan, and were supplemented with 
appropriate concentrations of vitamins and minerals. 
Compositional data for the basal diet are presented in Table 3-2.  All diets contained 
over 40% crude protein and fat when expressed on a DM basis, as well as approximately 
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11% ash.  Gross energy content was high (26.8 kJ/g).  Diets OF and OF+IN contained 
supplemental fructan at 1% (DM basis).  Fiber analyses indicated that the basal diet 
contained 3.78% TDF on a DM basis.  As fructans are not quantified by the TDF method, 
the amount of fiber provided in the treatment diets was 4.78% (1.74% insoluble dietary 
fiber; 3.04% soluble dietary fiber). 
 Free monosaccharide and oligosaccharide concentrations of the diet are presented in 
Table 3-3.  The control diet contained a small amount of free fructose and minimal 
oligosaccharides, while diets OF and OF+IN contained slightly more free monosaccharides.  
The OF diet contained 2.3% inulin-type fructans and OF+IN contained 2.9%.  Due to the 
composition of the chicory fructans, OF contains more short-chain oligosaccharides than 
OF+IN, as is reflected in the analyses. 
 No statistically significant differences were noted among treatments in DM intake 
(mean = 30.0 g/d), OM intake (mean = 26.5 g/d of DM), metabolizable energy intake (mean 
= 631.6 kJ/d of DM), fecal output on a wet or dry basis (mean = 19.3 and 7.5 g/d, 
respectively), fecal pH (mean = 6.94), fecal score (mean = 2.5 out of 5), DM digestibility 
(mean = 75.5%), or OM digestibility (mean =82.7%; data not shown).   
Nitrogen digestibility was lower (P < 0.10) for cats fed the OF and OF+IN 
treatments (Table 3-4).  No statistical differences were noted among treatments in N intake; 
total N excreted; N retained; fecal N or ammonia excreted; or urinary N, felinine, or 
ammonia excreted during the treatment period. 
 Indole concentrations decreased (P < 0.05) in cats consuming the OF+IN treatment 
(Table 3-5).  Fecal concentrations of histamine decreased (P < 0.05) in fructan-
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supplemented cats, and concentrations of tyramine tended to decrease (P < 0.10) in the 
OF+IN group.  Fecal concentrations of acetate, propionate, butyrate, isobutyrate, 
isovalerate, valerate, fecal phenol, 4-methyl phenol, 3-methyl indole, tryptamine, 
phenylethylamine, putrescine, and spermidine were not different among treatments.   
 Bifidobacterium spp. populations harbored by cats in this study were lower than all 
other microbial populations quantified, and OF+IN treatment decreased (P < 0.10) 
concentrations of Bifidobacterium spp. compared with the control and OF treatments (Table 
3-6).  Escherichia coli concentrations were decreased (P < 0.05) in the OF+IN treatment 
compared with the control and OF treatments.  No differences were observed for 
Lactobacillus spp. or C. perfringens.   
DISCUSSION 
 A goal of this research was to determine if supplemental dietary fructans are 
effective in altering concentrations of nitrogenous compounds in excreta of senior cats.  A 
commercial canned diet was chosen as this type of diet is palatable, will meet the nutritional 
requirements of the cat, and will allow ease of fructan administration.  The diet contained 
protein and fat primarily, along with vitamins and minerals. 
While the diet chosen for this study had several beneficial properties with regard to 
nutrition and ease of supplementing the fructan treatments, it also may have influenced the 
results observed in the present study.  The diet contained an intrinsic concentration of 3.78% 
TDF as a result of the presence of the guar gum, carrageenan, and, potentially, the collagen 
from the meat by-products.  Guar gum and carrageenan are considered sources of 
fermentable fiber.  If contained in sufficient concentrations, guar gum could increase SCFA 
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production (Henningsson et al., 2002; Stewart and Slavin, 2006) and could increase certain 
microbial populations within the large intestine (Tomlin et al., 1988), but carrageenan 
actually could decrease intestinal microbiota concentrations (Mallett et al., 1985).  However, 
these ingredients were incorporated into the diet as the seventh and twelfth ingredients, 
respectively, on the label, so were present in relatively low amounts.   
Analysis of the fructans indicated differences between the treatments.  Some free 
sugar concentrations were increased by adding the fructan supplements, specifically sucrose 
and fructose.  These monosaccharides are formed during the manufacturing of oligofructose 
and inulin, and would not be expected to affect the overall health of the cat.  Analysis of the 
free oligosaccharides showed the difference in chain length distribution between OF and 
OF+IN.  The short β(2-1) fructan chains in OF are faster fermented than the long β(2-1) 
fructan chains in OF+IN (van der Meulen et al., 2004), and it is hypothesized that the latter 
would sustain a prolonged fermentation in the distal part of the colon.  Furthermore, the 
method used for determining dietary inulin concentrations may account for oligosaccharides 
other than inulin, including hydrocolloids from guar gum and fractions of starch with DP > 
7.  As there was no inulin intrinsic to the canned commercial cat food used in this 
experiment, it was possible to determine that the concentrations of contaminating 
hydrocolloids was 0.9% of the diet (based on the control diet).  Therefore, this value was 
subtracted from the inulin values presented in the data tables. 
Senior cats may experience decreased crude protein digestibility (Perez-Camargo, 
2004).  This was observed for the cats consuming the OF+IN treatment, and likely led to the 
observed changes in protein catabolite and microbiota concentrations.  Furthermore, the 
protein ingredients in the diet may have influenced protein catabolite concentrations.  Meat 
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by-products are readily digested and absorbed by cats, but collagen concentrations may have 
decreased protein availability for the cats consuming these diets.  Undigested protein, 
whether due to decreased enzymatic activity or feeding of refractory protein ingredients, 
would escape to the large intestine and serve as a nitrogen source for the colonic microbiota. 
Initially, the values associated with N retention in the present study appeared to be 
high for what is considered normal for the adult or senior cat.  Previous research has 
observed N retention values for adult cats that are near zero or negative (Russell et al., 2000; 
Funaba et al., 2005), and one could expect N retention values in senior cats to be similar to 
or lower than those of adult cats.  However, it is not unusual to observe N retention values 
higher than zero for adult cats at maintainence.  Funaba et al. (1998) observed that 5 male 
cats retained approximately 1.25 g N/d when consuming a dry diet with 34.6% crude 
protein.  In another study, N retention was 0.6 g/d when adult cats were fed a diet containing 
20% protein (Russell et al., 2000).  Given the protein concentration of the diet in the current 
study, the N retention values reported are not all that unusual. 
Concentrations of indoles were increased in the present study compared with a study 
conducted in younger cats (Vester et al., 2009; Barry et al., 2010).  Younger cats may 
produce lower concentrations of protein catabolites due to more efficient digestive function.  
Furthermore, the diets used in these studies were very different: the present study used a 
canned commercial diet with higher protein and fat concentrations, whereas Vester et al. 
(2009) used beef- and horse-based diets that were high in raw protein and fat and Barry et 
al. (2010) used dry, kibble diets with moderate protein and fat concentrations.  Indole 
concentrations were increased compared with those measured in younger cats fed beef- and 
horse-based diets with higher protein concentrations (Vester et al., 2009).  Compared with 
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the study performed in younger cats, tyramine concentrations were decreased and histamine 
concentrations were increased in the present study.  This could be due to differences in diet 
composition in addition to differences in diet digestibility, as biogenic amines are generated 
from amino acid fermentation by the colonic microbiota.  Indole, histamine, and tyramine 
are considered putrefactive in the intestine and can be carcinogenic (Cummings and 
Macfarlane, 1991).  Putrescine, spermidine, and spermine are viewed as markers of a 
healthy intestine when present in low concentrations as they are involved in the process of 
apoptosis and normal cell turnover (Delzenne et al., 2000).  Spermidine decreased in both 
treatment groups which could be construed as a detriment to fructan supplementation of 
senior cats.  However, histamine concentrations decreased with both fructans and indole and 
tyramine decreased with the OF+IN treatment, so the decrease in spermidine is offset, in 
part, by these occurrences. 
 As bifidobacteria are generally observed in low concentrations in cats (Terada et al., 
1993; Buddington and Paulsen, 1998), the concentrations observed in the present study are 
not unusual.  However, the trend towards decreased bifidobacteria concentrations in the 
feces is unusual with regard to supplemental fructans.  Typically, concentrations of 
bifidobacteria increase with fructan supplementation in cats and dogs (Middelbos et al., 
2007a; Barry et al., 2010).  The cats consuming the OF+IN diet may have initially had a low 
population of bifidobacteria, or the bifidobacteria present in these cats may have not been 
able to outcompete other microbiota present in the colon.  Escherichia coli populations were 
expected to decrease with fructan supplementation, as was observed in the present study and 
another study (Barry et al., 2010). 
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 In conclusion, fructan supplementation of senior cats has the potential to modify 
odor component production.  One percent supplementation of OF+IN decreased apparent N 
digestibility, an indication of greater microbial growth in the large bowel.  Microbial 
populations measured in this study were altered by fructan supplementation, and protein 
catabolites were generally reduced, indicating the potential for improved colonic health.  In 
practical application, a concentration of greater than 1% dietary fructan supplementation 
might be recommended to modulate microbial populations and increase production of 
beneficial end-products of fermentation such as SCFA.  This also may reduce excretion of 
urinary N at the expense of fecal N and, potentially, reduce ammonia and felinine 
concentrations, leading to less urinary odor production. 
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Table 3-1.  Ingredients as listed in order on the commercial canned cat food used in the 
experiment 
 
Meat by-products 
Sufficient water for processing 
Poultry by-products 
Chicken 
Fish (source of taurine) 
Tuna 
Guar gum 
Sodium tripolyphosphate 
Potassium chloride 
Titanium dioxide 
DL-methionine 
Carrageenan 
Choline chloride 
Vitamin E and D3 supplements 
Zinc sulfate 
Thiamine mononitrate (Vitamin B1) 
Ferrous sulfate 
Sodium nitrate (for colour retention) 
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Table 3-1. (con’t). 
 
Manganese sulfate 
Yellow #6 
Folic acid 
Pyridoxine hydrochloride (Vitamin B6) 
Yellow #5 
Menadione sodium bisulfite complex (source of Vitamin K activity) 
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Table 3-2.  Nutrient analyses of commercial canned cat food used in the experiment 
Item Amount 
  
Dry matter, % 22.6 
 -------------- % dry matter basis -------------- 
Organic matter 88.8 
Crude protein (N × 6.25) 41.3 
Acid hydrolyzed fat 40.7 
Total dietary fiber 3.78 
   Insoluble 1.74 
   Soluble 2.04 
 ----------------------- kJ/g ----------------------- 
Gross energy 26.8 
Metabolizable energy, calculated
a
 20.9 
a
 Metabolizable energy was calculated using the following equation: 
14.65  % 
    35.58  % 
  
 14.65  % 

100
 
where % carbohydrate is equal to 
[100 – (% ash) – (% crude protein) – (% acid hydrolyzed fat) – (% total dietary fiber)] 
when all values are expressed on a DM basis (AAFCO, 2010).  
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Table 3-3.  Carbohydrate composition of commercial cat food alone and with supplemental 
fructans 
 Treatment 
Item Control OF OF+IN 
    
Free sugars ------------------------------ mg/g DM ------------------------------ 
   Sucrose 0.0 0.0 4.1 
   Fructose 0.2 0.9 1.3 
   Total 0.2 0.9 5.4 
    
Free oligosaccharides ------------------------------ mg/g DM ------------------------------ 
   Kestose 0.0 0.7 0.0 
   Nystose 0.0 1.3 0.1 
   
Fructofuranosylnystose 0.2 3.5 6.2 
   Inulin 0.0 8.4 13.0 
   Total 0.2 13.9 19.2 
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Table 3-4.  Nitrogen balance and ammonia and felinine concentrations for cats fed 
supplemental fructans 
 Treatment   
Item Control OF OF+IN SEM P-value 
    
Nitrogen intake, g/d DM basis 2.2 1.8 2.0 0.2 0.56 
Fecal N excreted, g/d DM basis 0.3 0.4 0.4 0.1 0.95 
Urinary N excreted, g/d DM 
   basis 1.4 1.1 0.9 0.2 0.26 
Total N excreted, g/d DM basis 1.7 1.4 1.2 0.3 0.51 
      
Nitrogen digestibility, % 85.4
d
 80.2
cd
 77.0
c
 2.5 0.10 
      
N retained      
   g/d 0.5 0.4 0.5 0.1 0.90 
   % of N intake 27.7 28.0 30.0 6.6 0.96 
      
Fecal ammonia excreted, mg/g 
   faeces 5.7 4.3 4.1 1.1 0.57 
Urinary ammonia excreted, mg/d 57.9 54.6 50.4 12.3 0.68 
Urinary felinine excreted, mg/d 14.2 16.6 12.4 4.6 0.79 
c,d
 Superscripts in the same row denote a trend (P < 0.10) among treatments. 
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Table 3-5.  Fecal concentrations of phenols, indoles, and biogenic amines produced by cats 
fed supplemental fructans 
 Treatment   
Item Control OF OF+IN SEM P-value 
      
 ----------- umol/g fecal DM -----------   
Short- and branched-chain fatty acids    
   Acetate 126.6 89.7 101.3 35.6 0.76 
   Propionate 26.1 29.7 40.4 8.3 0.46 
   Butyrate 55.4 52.4 62.0 9.1 0.77 
   Isobutyrate 13.0 9.0 10.3 1.6 0.24 
   Isovalerate 23.8 19.6 17.6 4.4 0.54 
   Valerate 17.6 21.4 14.2 5.2 0.63 
      
Phenols/Indoles      
   Phenol 0.4 0.8 0.9 0.4 0.62 
   4-methyl phenol 2.5 3.1 1.8 0.5 0.18 
   Indole 6.2
b
 5.9
b
 3.4
a
 0.5 0.00 
   3-methyl indole 0.4 0.2 0.4 0.2 0.86 
      
Biogenic amines      
   Cadaverine 3.6 3.6 3.5 1.3 1.00 
   Histamine 2.8
b
 0.6
a
 0.1
a
 0.6 0.02 
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Table 3-5. (con’t).      
 Treatment   
 Control OF OF+IN SEM P-value 
Biogenic amines (con’t)     
   Phenylethylamine 1.5 1.0 0.1 0.8 0.48 
   Putrescene 7.3 3.7 3.0 1.6 0.19 
   Spermidine 6.7 2.2 0.1 2.1 0.16 
   Tryptamine 2.3 1.2 0.8 0.7 0.33 
   Tyramine 4.0
b
 1.7
ab
 0.1
a
 0.8 0.04 
a,b
 Superscripts in the same row denote a difference (P < 0.05) among treatments. 
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Table 3-6.  Fecal concentrations of microbiota produced by cats fed supplemental fructans 
 Treatment   
Item Control OF OF+IN SEM P-value 
 -------- log10 cfu/ g fecal DM --------   
Bifidobacterium spp. 7.52
d
 7.56
d
 6.85
c
 0.21 0.07 
Clostridium 
    perfringens 12.56 12.51 12.05 0.40 0.62 
Escherichia coli 11.93
b
 10.80
b
 8.42
a
 0.61 0.01 
Lactobacillus spp. 10.87 10.61 9.87 0.44 0.30 
a,b
 Superscripts in the same row denote a difference (P < 0.05) among treatments. 
c,d
 Superscripts in the same row denote a trend (P < 0.10) among treatments. 
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CHAPTER 4: DIETARY CELLULOSE, FRUCTOOLIGOSACCHARIDES, AND 
PECTIN MODIFY FECAL PROTEIN CATABOLITES AND MICROBIAL 
POPULATIONS IN ADULT CATS 
 
ABSTRACT: Twelve young adult (1.7 ± 0.1 yr) male cats were used in a replicated 3 × 3 
Latin square design to determine the effects of fiber type on nutrient digestibility, 
fermentative end-products, and fecal microbial populations.  Three diets containing 4% 
cellulose, fructooligosaccharides (FOS), or pectin were evaluated.  Feces were scored based 
on the 5-point system: 1 being hard, dry pellets, and 5 being watery liquid that can be 
poured. No differences were observed (P > 0.100) in intake of DM, OM, CP, or acid 
hydrolyzed fat; DM or OM digestibility; or fecal pH, DM%, output on an as-is or DM basis, 
or concentrations of histamine or phenylalanine.  Crude protein and fat digestibility 
decreased (P = 0.079 and 0.001, respectively) in response to supplementation with pectin 
compared with cellulose.  Both FOS and pectin supplementation resulted in increased fecal 
scores (P < 0.001) and concentrations of ammonia (P = 0.003) and 4-methyl phenol (P = 
0.003).  Fecal indole concentrations increased (P = 0.049) when cats were supplemented 
with FOS.  Fecal acetate (P = 0.030), propionate (P = 0.035), and total short-chain fatty acid 
(P = 0.016) concentrations increased in pectin-supplemented cats.  Fecal butyrate (P = 
0.010), isobutyrate (P = 0.011), isovalerate (P = 0.012), valerate (P = 0.026), and total 
branched-chain fatty acids + valerate (P = 0.008) concentrations increased with 
supplementation of FOS and pectin.  Fecal cadaverine (P < 0.001) and tryptamine (P < 
0.001) concentrations increased with supplementation of FOS and pectin.  Fecal tyramine 
concentrations decreased (P = 0.039) in FOS-supplemented cats, whereas spermidine 
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concentrations increased (P < 0.001) in pectin-supplemented cats.  Whereas fecal 
concentrations of putrescine (P < 0.001) and total biogenic amines (P < 0.001) increased 
with both FOS and pectin, the concentrations of these compounds were increased (P < 
0.001) in cats supplemented with pectin.  Fecal Bifidobacterium spp. concentrations 
increased (P = 0.006) and Escherichia coli concentrations decreased (P < 0.001) in FOS-
supplemented cats.   Fecal concentrations of Clostridium perfringens (P < 0.001), E. coli (P 
< 0.001), and Lactobacillus spp. (P = 0.030) also increased in pectin-supplemented cats.  In 
addition to increasing populations of protein-fermenting microbiota, pectin increased 
production of fermentative end-products associated with carbohydrate compared with 
protein fermentation. Pectin and FOS may be useful fiber sources in promoting intestinal 
health of the cat. 
 
INTRODUCTION 
 Minimal research has been conducted to determine the effect of dietary fiber 
supplementation of cats.  Because the cat is an obligate carnivore and, thus, has a large 
dietary requirement for AA, fiber is not a large portion of its natural diet.  Previous research 
in this area has tested increased concentrations of fermentable fibers or used fermentable 
fibers in concert with lowly fermentable fibers to assess prebiotic activity.  Increased 
concentrations (approximately 6 to 9% of the diet) of fermentable fibers have led to 
diarrhea, most likely because of excessive fermentation (Sunvold et al., 1995; Bueno et al., 
2000a,b; Hesta et al., 2001).  Reduced concentrations (< 1% of the diet) of fermentable 
fibers demonstrated several beneficial effects, including increased bifidobacteria and 
decreased potentially pathogenic microbiota, decreased fecal protein catabolite 
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concentrations, and reduced urinary N compound excretion (Sparkes et al., 1998; 
Groeneveld et al., 2001).  
Colonic protein catabolites are created from fermentation of AA in the colon and are 
associated with fecal odor and colonic diseases.  Phenols, indoles, and ammonia are 
putrefactants and considered potentially carcinogenic as they are capable of altering cellular 
DNA (Macfarlane and Cummings, 1991).  Biogenic amines also are created from AA 
fermentation.  Several of these compounds, including cadaverine and histamine, are 
considered putrefactants (Macfarlane and Cummings, 1991).  However, putrescine, 
spermidine, and spermine are considered beneficial in reduced concentrations as they are 
associated with normal cell turnover and involved in apoptosis (Delzenne et al., 2000). 
The objectives of this research were to determine nutrient digestibility, fecal protein 
catabolite concentrations, and fecal microbiota concentrations in adult cats fed diets 
containing fiber sources selected for differences in fermentability, solubility, and prebiotic 
potential. 
 
MATERIALS AND METHODS 
All animal care procedures were approved by the University of Illinois Institutional 
Animal Care and Use Committee before initiation of the experiment. 
Animals and Diets   
Twelve healthy adult male domestic shorthair cats with an average initial age of 1.7 
± 0.1 yr, BW of 5.7 ± 0.7 kg, and BCS of 5.9 ± 0.9 (using a 9-point scale) were used.  The 
cats were, at minimum, paternal half-siblings, but some full siblings were selected across 4 
litters.  Cats were individually housed in clean metabolism crates (0.61 x 0.61 x 0.61m) in a 
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temperature-controlled room with a 16-h light:8-h dark cycle at the animal care facility of 
the Edward R. Madigan Laboratory at the University of Illinois. 
 Oligosaccharide-free ingredients were used in diet formulation, with poultry by-
product meal, brewers rice, ground corn, and poultry fat constituting the main ingredients of 
the dry, extruded kibble diets (Table 4-1).  The diet was milled (Lortscher Agri Service Inc., 
Bern, KS) and extruded (X20/E325, Wenger Manufacturing, Inc., Sabetha, KS; at Kansas 
State University’s Bioprocessing and Industrial Value-Added Program Facility, Manhattan, 
KS) under the direction of a consulting company (Pet Food and Ingredient Technology, Inc., 
Topeka, KS), and dried and cooled (4800 Series Dryer/Cooler, Wenger Manufacturing, 
Inc.).  Extrusion temperature started at 95
o
C when the diet left the preconditioning step.  The 
kibbles entered the dryer at 104
o
C and passed through the dryer for 12 min at this 
temperature (6 min each on 2 belts).  They were allowed to pass through the remainder of 
the dryer (5 min) without applied heat so that the extruded diet would remain slightly warm 
when the poultry fat was added.  Cellulose, fructooligosaccharides (FOS), or pectin was 
incorporated into the diets at a rate of 4% before extrusion.  Cats were offered their assigned 
diet twice daily (0800 and 2000 h) to meet the metabolic energy requirements of each cat 
following the equation of Edstadtler-Pietsch (2003).  Fresh water was available at all times. 
Sample Collection 
A 3 × 3 Latin square design with 30-d periods was used, with cats being blocked by 
litter.  Cats were provided litter boxes consisting of 1 modified box with 2-mm holes drilled 
in the bottom sufficient to allow urine to freely flow through the bottom of the litter pan 
with 6 2.5-cm tapped spacers attached under the rim of the litter pan and one unmodified 
litter pan below to collect urine.  Approximately 0.25 kg of 6-mm glass beads (Fisher 
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Scientific, Inc., Pittsburgh, PA) were added to the modified litter box to allow the cat to 
perform its natural behavior of covering its feces. Cats utilized the experimental litter box 
throughout the entire experiment so as to not change the environment of the cat once the 
experiment had begun. 
A 20-d adaptation period preceded a 10-d collection period.  On d 21 to 30, total 
feces excreted were removed from the litter box at least twice daily, weighed, composited, 
and stored at -20°C until further analyses were conducted.  Feces were scored based on the 
following criteria:  1 = hard, dry pellets; 2 = hard, formed, dry stool; 3 = soft, formed, moist 
stool; 4 = soft, unformed stool that assumes the shape of the container; and 5 = watery liquid 
that can be poured.  On d 25 to 26, a fresh fecal sample was collected from each cat within 
15 min of defecation for analyses of pH, DM, short-chain fatty acid (SCFA), protein 
catabolites, and microbiota. 
Sample Handling 
 On d 25 and 26, an aliquot was taken from the fresh sample and was frozen at -20°C 
immediately after collection for the following analyses: phenol, indole, and biogenic amine 
concentrations.  One aliquot was collected and put in 5 mL of 2 N hydrochloric acid for 
SCFA, branched-chain fatty acids + valerate (BCFA), and ammonia analyses.  An aliquot of 
fresh feces was immediately transferred into sterile cryogenic vials (Nalgene, Rochester, 
NY) and frozen at -80°C until DNA extraction for microbial analysis via quantitative PCR.  
Additional aliquots were used for pH measurement and fresh fecal DM determination.  
Remaining fecal samples were frozen at -20°C for further analyses.  On d 27 through 30, 1 
aliquot was taken daily, sub-sampled for DM, quartered, transferred into sterile cryogenic 
vials (Nalgene, Rochester, NY), and frozen at -80°C until DNA extraction for microbial 
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analysis.  Composited fecal samples were dried at 55°C in a forced-air oven.  Food was 
ground through a 2 mm screen in a Wiley mill (model 4, Thomas Scientific, Swedesboro, 
NJ).  Dried fecal samples were ground with mortar and pestle to separate fecal material from 
ingested hair, then passed through a series of sieves to separate the fecal material from the 
hair.   
 Chemical Analyses   
Diet and fecal samples were analyzed for DM, OM, ash, and CP via combustion 
analysis (FP-2000, Leco Corporation, St. Joseph, MI; AOAC, 2000), total lipid (acid 
hydrolyzed fat, AHF) content (AACC, 1983; Budde, 1952), and total dietary fiber (Prosky 
et al., 1992).  Gross energy content of the diet was measured using an oxygen bomb 
calorimeter (model 1261, Parr Instruments, Moline, IL).  Fecal pH was measured using a pH 
meter and semi-flat electrode (Beckman Instruments, Inc., Fullerton, CA).  Short- and 
branched-chain fatty acid concentrations were determined by gas chromatography according 
to Erwin et al. (1961) using a gas chromatograph (5890A series II, Hewlett-Packard, Palo 
Alto, CA) and a glass column (180 cm x 4 mm i.d.) packed with 10% SP-1200/1% H3PO4 
on 80/100+ mesh Chromosorb WAW (Supelco Inc., Bellefonte, PA).  Nitrogen was the 
carrier with a flow rate of 75 mL/min.  Oven, detector, and injector temperatures were 125, 
175, and 180°C, respectively.  Ammonia concentrations were determined using 
spectrophotometry according to the methods of Chaney and Marbach (1962).  Phenol and 
indole concentrations were determined using gas chromatography according to the methods 
of Flickinger et al. (2003).  Biogenic amine concentrations were measured by HPLC 
according to methods described by Flickinger et al. (2003). 
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Microbial Analyses 
 Microbial populations were analyzed using methods described by Middelbos et al. 
(2007) with minor adaptations.  Briefly, fecal DNA was extracted from freshly collected 
samples that had been stored at −80°C until analysis, using the repeated bead beater method 
described by Yu and Morrison (2004) with a DNA extraction kit (QIAamp DNA Stool Mini 
Kit, Qiagen, Valencia, CA) according to manufacturer’s instructions.  Extracted DNA was 
quantified (ND-1000 Spectrophotometer, Nano-Drop Technologies, Wilmington, DE).  
Quantitative PCR was performed for Bifidobacterium spp., Lactobacillus spp., Esherichia 
coli, and Clostridium perfringens.  Specific primers were used for bifidobacteria (Matsuki et 
al., 2002), lactobacilli (Collier et al., 2003), E. coli (Malinen et al., 2003), and C. 
perfringens (Wang et al., 1994). Amplification was performed according to DePlancke et al. 
(2002). Briefly, a 10-µL final volume contained 5 µL of the PCR Master Mix (2× SYBR 
Green PCR Master Mix, Applied Biosystems, Foster City, CA), 15 pmol of the forward and 
reverse primers for the bacterium of interest, and 10 ng of extracted fecal DNA. Standard 
curves were obtained by harvesting pure cultures of the bacterium of interest in the log 
growth phase in triplicate, followed by serial dilution. Bacterial DNA was extracted from 
each dilution using a DNA extraction kit (QIAamp DNA Stool Mini Kit) and amplified with 
the fecal DNA to create triplicate standard curves (ABI PRISM 7900HT Sequence 
Detection System, Applied Biosystems).  Colony forming units (cfu) in each dilution were 
determined by plating on specific agars: lactobacilli MRS (Difco, BD, Franklin Lakes, NJ) 
for lactobacilli, reinforced clostridial medium for Bifidobacterium spp. and C. perfringens, 
and Luria Bertani medium for E. coli . The calculated log cfu/mL of each serial dilution was 
plotted against the cycle threshold to create a linear equation to calculate cfu/g dry feces. 
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 Calculations 
 Metabolizable energy was calculated using the following equation:  
14.64 × % CP+35.56 × % AHF+ (14.64 × % Carbohydrate)
100
 
where carbohydrate is equal to [100 – (% Ash) – (% CP) – (% AHF) – (% Total dietary 
fiber)] when all values are expressed on a DM basis (AAFCO, 2009).  Dietary intake was 
calculated using recorded values from d 21 through 30.  Apparent total tract nutrient 
digestibility of DM, OM, CP, and AHF were calculated as nutrient intake (g/d) minus 
nutrient content in the feces (g/d), and this value then was divided by nutrient intake (g/d) 
and the resulting value multiplied by 100%. 
Statistical Analyses 
 Data for continuous variables were analyzed by the MIXED procedure, and data for 
discontinuous variables were analyzed by the GLIMMIX procedure (SAS Inst. Inc., Cary, 
NC).  The statistical model included the random effects of animal and period and the fixed 
effect of treatment.  Differences among treatments were determined using least significant 
differences. Outlier data were removed from analysis after analyzing data through the 
UNIVARIATE procedure to produce a normal probability plot based on residual data and 
visual inspection of the raw data.  Outlier data were defined as data points three or more SD 
from the mean of the raw data.  Differences among treatment level least squares means with 
a probability of P ≤ 0.05 were accepted as statistically significant, and mean differences 
with 0.05 < P ≤ 0.10 were accepted as trends. 
RESULTS 
 The chemical composition of the experimental diets is presented in Table 4-2.  
Analyzed DM, OM, CP, and AHF concentrations, and GE and calculated ME values, were 
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similar among treatments.  Total dietary fiber concentrations were less for the FOS diet as 
fructans cannot be quantified by the TDF method.  Addition of 4% FOS to the fiber intrinsic 
to the basal diet (3.6%, the TDF value obtained for the FOS treatment) resulted in a value of 
7.6%, commensurate with the TDF values for the other experimental diets. 
 Two cats were removed from the pectin treatment due to poor dietary intake.  As a 
result, 10 cats compared with 12 for the other treatments were used for the pectin treatment 
mean calculations. Intake of DM, OM, CP, and AHF was similar across treatments as shown 
in Table 4-3.  Apparent digestibility was similar for DM (86.6 to 88.5%) and OM (89.9 to 
90.9%).  Crude protein digestibility tended (P = 0.079) to be less for the pectin compared to 
the cellulose treatment.  Acid hydrolyzed fat digestibility was decreased (P = 0.001) for the 
pectin treatment compared to both the cellulose and FOS treatments. 
 Fecal pH was unaffected by treatment (mean = 6.3; Table 4-4).  Fecal DM was not 
different among treatments, and fecal output was similar when expressed on an as-is or DM 
basis.  Fecal scores (P < 0.001) and concentrations of ammonia and 4-methyl phenol (P = 
0.003) were greater for the FOS and pectin treatments compared to the cellulose treatment.  
Fecal concentrations of indole increased (P = 0.049) for the FOS treatment compared to the 
cellulose treatment, while the value for the pectin treatment was intermediate.   
 Fecal acetate and total SCFA concentrations were greater (P = 0.016) for the pectin 
treatment compared to the cellulose treatment (Table 4-5).  The value for the FOS treatment 
was intermediate.  Fecal propionate concentrations increased (P = 0.035) for the pectin 
treatment compared to the cellulose and FOS treatments.  Fecal butyrate concentrations 
were greater for the FOS and pectin treatments compared to the cellulose treatment.  Fecal 
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concentrations of isobutyrate, isovalerate, valerate, and total BCFA were greater (P < 0.030) 
for the FOS and pectin treatments compared to the cellulose treatment. 
 Fecal cadaverine and tryptamine concentrations were greater (P < 0.001) for the 
FOS and pectin treatments compared to the cellulose treatment (Table 4-6).  Fecal 
putrescine and total biogenic amine concentrations were greater (P < 0.001) for the FOS 
treatment compared to the cellulose treatment, with an even greater (P < 0.001) increase 
observed for the pectin treatment.  Fecal spermidine concentrations were greater (P < 0.001) 
for the pectin treatment when compared to the cellulose and FOS treatments.  Fecal 
tyramine concentrations were less (P = 0.039) for the FOS treatment compared to the 
cellulose and pectin treatments.  No differences were noted in fecal concentrations of 
phenylethylamine or histamine.  Fecal spermine concentrations were detected in only 4 
samples (0.01 to 0.36 umol/g fecal DM). 
 Fecal concentrations of Bifidobacterium spp. were greater (P = 0.006) for the FOS 
compared with the cellulose and pectin treatments (Table 4-7).  Fecal concentrations of C. 
perfringens were greater (P < 0.001) for the pectin compared with the cellulose and FOS 
treatments.  Fecal concentrations of E. coli were less (P < 0.001) for the FOS compared with 
the cellulose treatment, but were greater (P < 0.001) for the pectin treatment.  Fecal 
concentrations of Lactobacillus spp. were greater (P = 0.030) for the pectin compared with 
the cellulose and FOS treatments. 
DISCUSSION 
 In this experiment, 3 fiber sources selected for differences in fermentability, 
solubility, and prebiotic potential were evaluated for their impact on outcomes related to 
nutritional and microbial effects in the cat.  Cellulose is a very lowly fermentable, 
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completely insoluble fiber.  For this reason, it also served as the control for this study 
because a diet with no supplemental fiber would not have allowed for adequate amounts of 
feces to be excreted and could be detrimental to the intestinal health of the cat (Sunvold et 
al., 1995; Bueno et al., 2000b).  Fructooligosaccharides are rapidly fermented and serve as a 
source of soluble, prebiotic fiber (Roberfroid, 2005; Van Loo and Vancraeynest, 2008).  The 
FOS included in this study was an inulin-type fructan composed of chains with a degree of 
polymerization of 2 to 10 (60%) and chains with a degree of polymerization > 10 (28%), 
designed to be distributed throughout the colon to stimulate beneficial microbiota growth in 
both the proximal and distal colon (J. Van Loo, BENEO Group, Tienen, Belgium, personal 
communication).  Pectin is a highly soluble, fermentable fiber that has been well studied for 
many years (Anderson and Chen, 1979). 
By utilizing refined fiber sources in this study, variability because of other 
components such as those present in natural fibers is minimized.  In addition to the fiber 
sources, the diet matrix can greatly impact the outcome variables of a study.  Low-ash 
poultry by-product meal and brewers rice were included as the main ingredients because 
they are oligosaccharide-free and, thus, would not confound any observations, especially for 
the FOS treatment.  Ground corn was added to improve kibble manufacturing, with specific 
regard to fat retention by the kibble, and contributed to the TDF concentration of the basal 
diet.  Poultry fat served as the main fat source, and brewers yeast, corn gluten meal, and 
liquid digest were added to improve palatability.  Although yeast has the potential to 
modulate microbial activity, it was not added at a high enough concentration to be 
considered a main ingredient. 
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The protein and fat concentrations of 35 and 20%, respectively, used in this study 
were chosen to mimic commercially manufactured high-quality cat foods.  Protein quality 
and quantity may affect the composition of the gastrointestinal microbiota as well as the 
end-products of fermentation should it remain undigested.  Because the cat is an obligate 
carnivore, the amount of CP added to the diet is large; low-ash poultry byproduct meal was 
chosen because it is a high-quality protein source, readily digestible, and commonly used in 
the petfood industry.  However, if a diet contained a protein source of lesser quality, it may 
affect the amount of protein that remained undigested at the terminal ileum (Yamka et al., 
2006), thus affecting the type and amount of protein catabolites generated through 
fermentation in the colon.  The amount of protein fed also may affect protein catabolite 
generation in the colon of other species because the digestibility of CP would decrease with 
larger quantities consumed (Zentek, 1995a,b); however, as the cat has a high AA 
requirement and seems to be capable of modulating its proteolytic enzymes in response to 
increased protein meals (Green et al., 2008), this is likely not a concern. 
 Nutrient intakes were similar across treatments, indicating that an inclusion rate of 
4% fermentable fiber is acceptable to cats.  Although 2 cats were removed due to poor 
intake of the pectin diet, it was consumed readily by the remaining 10 cats.  One of the cats 
removed from treatment rejected the diet within 2 d of feeding.  The pectin diet had an 
aroma that differed from the other 2 diets, which did not have distinctive scents, and may 
have been offensive to this cat.  Additionally, the pectin diet appeared to have a harder 
texture than the other diets, which may have been more difficult for this cat to chew.  The 
second cat rejected the pectin diet after approximately 2 wk, the time when all cats 
consuming this diet began to produce softer feces than normal.  These feces were not 
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diarrhea, but were not considered to be ideal.  The softer feces may have been indicative of 
increased fermentation or a change in microbial ecology, or both, and may have caused the 
cat to experience intestinal discomfort, thus resulting in diet refusal.  Additionally, the FOS 
and pectin treatments subjectively increased stool odor.  This was likely due to increased 
fermentation related to the high concentrations of fermentable carbohydrates contained in 
both diets. 
Crude protein digestibility tended to decrease with both FOS and pectin treatments.  
This has been previously observed for both fiber sources, and is generally attributed to 
enhanced microbial concentrations in the colon.  Several studies in cats and dogs have 
reported that fructans exert a prebiotic effect in the colon, stimulating the growth of 
Bifidobacterium spp., Lactobacillus spp., or both, and decreasing populations of C. 
perfringens or E. coli, or both (Russell, 1998; Sparkes et al., 1998; Zentek et al., 2003).  The 
pectin treatment stimulated concentrations of Lactobacillus spp., but also increased 
concentrations of C. perfringens and E. coli.  While not all clostridial species are considered 
negative (van Rijssel and Hansen, 1989), an increase in the population of potentially 
pathogenic C. perfringens could be considered a drawback in feeding pectin as the sole fiber 
source in a cat diet.  Similarly, although select strains of E. coli are considered harmful, 
several nonpathogenic strains exist.  Cats did not exhibit clinical signs of pathogenic 
infection on any of the diets so it is reasonable to believe that they did not harbor pathogenic 
strains of C. perfringens or E. coli. 
In addition to modifying microbial populations, intestinal chyme viscosity may have 
been increased as a result of feeding diets containing fermentable fibers.  Increased viscosity 
could prevent AA and dietary fat from being absorbed in the ileum of cats fed the pectin 
  
76 
 
diet, leading to the observed decreases in CP and fat digestibilities.  If pectin increased 
intestinal chyme viscosity, it likely reduced the ability of the peptides and AA to reach the 
intestinal transporters.  Pectin has been observed to increase the activity of chymotrypsin but 
not trypsin (Dunaif and Schneeman, 1981), increasing the concentrations of peptides in the 
chyme.  Once these peptides reached the large intestine, they would be available for further 
hydrolysis and fermentation to phenylethylamine (phenylalanine), indole and tryptamine 
(tryptophan), phenol, 4-ethylphenol, p-cresol, and tyramine (tyrosine; Macfarlane and 
Cummings, 1991).  Pectin also increases the microbial population of the colon, which 
would, in turn, increase the amount of microbial protein available to the microbiota for 
fermentation.  This microbial protein then can be hydrolyzed and fermented to phenols, 
indoles, and biogenic amines.  These effects would explain the increased concentrations of 
ammonia, as AA are deaminated to produce these compounds (Macfarlane and Cummings, 
1991). Furthermore, dietary pectin increases clostridial concentrations, which would be 
expected to increase protein catabolite concentrations (van Rijsel and Hansen, 1989).  
However, pectin also has been observed to increase concentrations of both SCFA and 
beneficial biogenic amines (putrescine, spermidine, and spermine) in the cecum and feces of 
rats (Noack et al., 2000; Fukunaga et al., 2003).  The observed increases in SCFA and 
beneficial biogenic amines may serve to lessen the effects of the protein catabolites created, 
but this concept requires further investigation. 
Propionate concentrations increased in the feces of cats fed the pectin treatment, 
while butyrate concentrations increased in feces of cats consuming pectin and FOS.  
Increased propionate has been noted in rat, human, and pig research (Englyst et al., 1987; 
Dongowski et al., 2002; Zacharias et al., 2004).  However, increased butyrate has been 
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noted only in pigs supplemented with 5 or 10% pectin (Zacharias et al., 2004).  Typically, 
the main end-product of pectin fermentation in humans is acetate (84% of total SCFA), but 
propionate can contribute a substantial portion of the remaining percentage (14% of total 
SCFA; Englyst et al., 1987).  The observed increase in propionate and butyrate 
concentrations may be explained, in part, by an increase in starch entering the cecum and 
colon (Zacharias et al., 2004).  Given that pectin increases intestinal viscosity, starch 
digestibility also would be expected to decrease, which would increase the amount entering 
the colon.  Starch produces 50% acetate, 22% propionate, and 29% butyrate when fermented 
(Englyst et al., 1987).  This could explain the greater concentration of fecal propionate and 
butyrate observed in the pectin treatment, as acetate, propionate, and butyrate comprised 59, 
22, and 19%, respectively, of the total SCFA in the present study.  The observed increase in 
fecal butyrate concentrations for the FOS treatment was expected, as several studies 
demonstrated this effect in dogs (Swanson et al., 2002a; Propst et al., 2003; Middelbos et 
al., 2007).  Hesta et al. (2001) also observed an increase in fecal butyrate concentrations in 
cats when they were supplemented with 3% oligofructose or 6% inulin.    
The inclusion of fructans at 4% of the diet resulted in several effects that would 
likely not have been observed had a smaller concentration been fed.  Fecal protein 
catabolites generally decrease, rather than increase as observed in the present study, when 
FOS is included in the diet at concentrations of 1% or less.  In dogs, fecal BCFA, indole, 
and phenol concentrations decreased when scFOS was provided at 4 g/d, or 0.6% of the diet 
(Swanson et al., 2002a,b).  Fecal ammonia and indole concentrations decreased by 53 and 
63%, respectively, after 7 d of lactosucrose supplementation to cats at 50 mg/kg·d
-1
 (Terada 
et al., 1993).  The present study utilized FOS as the main source of dietary fiber rather than 
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as a reduced level supplement to the fiber already present in the diet.  When inulin was 
supplemented to cats at 6% of the diet, valerate and total SCFA concentrations increased 
(Hesta et al., 2001).  Hesta et al. (2001) also observed increased fresh feces produced per 
day and fecal moisture concentration, with decreased fecal pH with 6% inulin and 3% 
oligofructose.  Supplementation of cat diets with 3.11% FOS also increased the 
concentration of fecal bacterial N, implying increased growth of the total microbial 
population (likely the growth of beneficial microbes such as bifidobacteria and lactobacilli) 
because of the addition of fructans to the diet (Hesta et al., 2005).  Nitrogen has been 
observed to repartition from the urine to feces in dogs and cats with FOS supplementation 
(Howard et al., 2000; Hesta et al., 2001, 2003, 2005), which may explain the increased fecal 
ammonia for this treatment.  Similar to results of the present study, putrescine, but not 
spermidine, concentrations were increased in rats fed fructans (Delzenne et al., 2000).  
These observed increases in fecal protein catabolites are likely caused by an interaction 
among proteolytic and saccharolytic microbiota.  The microbial composition of the cat 
colon contains a large quantity of clostridial species (54% of microbes from the order 
Clostridiales) and lactobacilli (14% of microbes from the order Lactobacilliales; Ritche et 
al., 2008).  With clostridial species present at this large a concentration in the intestine, 
adding a prebiotic could not feasibly allow saccharolytic microbiota such as lactobacilli and 
bifidobacteria to competitively exclude the proteolytic microbes.  However, these microbes 
would increase in number, increasing the concentrations of SCFA and other beneficial end-
products.  Proteolytic microbiota would continue to ferment the AA and proteins escaping 
hydrolytic and enzymatic digestion, and would produce more potential putrefactants to 
maintain colonic pH at a level, in which they could survive.  Alternatively, large quantities 
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of undigested or endogenous protein, or both, and increased colonic pH may increase fecal 
concentrations of protein catabolites in cats, as can occur in pigs (Kaufmann, 1986; 
Drochner, 1987; Sutton et al., 1999). 
Although it is not fermented by the microbiota of the cat, cellulose could have 
impacted several of the outcome variables in this study.  Cellulose can dilute nutrients, 
decreasing nutrient digestibility in large concentrations (Kienzle et al., 2001).  In the present 
study, however, nutrient digestibilities by cats fed the cellulose treatment remained above 
90% for all nutrients except DM whose digestibility was 88.5%.  In comparison, nutrient 
digestibilities of CP and fat observed for the pectin treatment decreased significantly.  
Previous research involving cellulose included at 5% of the diet of swine showed a decrease 
in fecal ammonia concentrations when compared to a standard diet, with a similar outcome 
observed for a diet containing 2% of sucrose thermal oligosaccharide caramel, a fermentable 
carbohydrate (Sutton et al., 1999).  Other fermentation end-products may be affected by the 
inclusion of dietary cellulose, as increased dietary cellulose (8.7% compared with 2.5%) 
increases fecal concentrations of all SCFA and p-cresol in swine manure (Kerr et al., 2006).  
Although the present study did not test a fiber-free diet, results similar to the studies by 
Sutton et al. (1999) and Kerr et al. (2006) would have been expected for the cellulose 
treatment (i.e., fecal ammonia concentrations would decrease, while SCFA and select 
protein catabolites would increase with the addition of any supplemental fiber source, 
including cellulose).   
Both FOS and pectin increased select beneficial microbial populations in the colon 
of cats.  Fecal concentrations of bifidobacteria increased in cats fed the FOS diet.  Similar 
results have been observed in dogs fed fructans (Russell, 1998; Beynen et al., 2002; 
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Swanson et al., 2002a; Zentek et al., 2003; Grieshop et al., 2004).  As a prebiotic compound, 
fructans may aid in competitive exclusion.  This effect was observed for the FOS diet, as 
bifidobacterial concentrations increased while concentrations of E. coli decreased. 
Furthermore, the colonic microbes of the cat are capable of fermenting fructans to butyrate 
and can result in greater fecal scores by increasing concentrations of fecal SCFA, which can 
increase the amount of water that may remain in the feces.  The observed increase in 
Lactobacillus spp. in cats fed the pectin diet supports the observed increase in fecal SCFA, 
as SCFA reduce the pH of the intestinal environment and, therefore, favor the growth of 
such microbes (Asad et al., 2008).  Although a difference in pH was not observed in fresh 
fecal samples, a decrease may have occurred earlier in the colon, which would have allowed 
this effect to occur. 
In conclusion, supplementation of fermentable fibers at 4% of a cat diet is successful 
in modifying stool protein catabolites and microbial concentrations.  Four percent 
fermentable fiber supplementation to cat diets has practical applications to the petfood 
industry, as this research demonstrates not only that cats are able to adapt to moderate 
concentrations of fiber, but it may benefit their intestinal health.  Although protein 
catabolites and, thus, stool odor were increased in both the FOS and pectin diets, end-
products of carbohydrate fermentation also were increased.  This may balance out the 
positive and negative outcomes.  The FOS treatment has increased benefits compared with 
the pectin treatment as the fructans appear to produce a more beneficial microbial 
population than does pectin.  However, both fiber sources seem to be useful in promoting 
intestinal health of the cat, and should be considered in future feline dietary research and 
formulations. 
  
81 
 
LITERATURE CITED 
AACC.  1983.  Approved methods.  8
th
 ed.  Amer. Assoc. Cereal Chem., St. Paul, MN. 
AAFCO.  2009.  Official Publication.  99
th
 ed.  Assoc. Amer. Feed Control Officials, 
Oxford, IN. 
Anderson, J. W., and W.-J. L. Chen.  1979.  Plant fiber.  Carbohydrate and lipid 
metabolism.  Am. J. Clin. Nutr.  32:346-363.  
AOAC.  2000.  Official Methods of Analysis.  17
th
 ed.  Assoc. Off. Anal. Chem., Arlington, 
VA.  
Asad, U., N. J. Emenaker, and J. A. Milner.  2008.  Designing studies and rodent models for 
studying prebiotics for colorectal cancer prevention.  Pages 263-284 in Handbook of 
Prebiotics.  G. R. Gibson and M. B. Roberfroid, ed. CRC Press, Boca Raton, FL. 
Beynen, A. C., J. C. Baas, P. E. Hoekemeijer, H. J. Kappert, M. H. Bakker, J. P. Koopman, 
and A. G. Lemmens.  2002.  Faecal bacterial profile, nitrogen excretion and mineral 
absorption in healthy dogs fed supplemental oligofructose.  J. Anim. Physiol. Anim. 
Nutr.  86:298-305. 
Budde, E. F. 1952.  The determination of fat in baked biscuit type dog foods.  J. Assoc. Off. 
Agric. Chem. 35:799-805. 
Bueno, A. R., T. G. Cappel, G. D. Sunvold, R. A. Moxley, G. A. Reinhart, and E. T. 
Clemens.  2000a.  Feline colonic microbes and fatty acid transport: Effects of 
feeding cellulose, beet pulp and pectin/gum arabic fibers.  Nutr. Res.  20:1319 -1328. 
Bueno, A. R., T. G. Cappel, G. D. Sunvold, G. A. Reinhart, and E. T. Clemens.  2000b.  
Feline colonic morphology and mucosal tissue energetics as influenced via the 
source of dietary fiber.  Nutr. Res.  20:985-993. 
  
82 
 
Chaney, A. L., and E. P. Marbach.  1962.  Modified reagents for determination of urea and 
ammonia.  Clin. Chem.  8:130-132. 
Collier, C. T., M. R. Smiricky-Tjardes, D. M. Albin, J. E. Wubben, V. M. Gabert, B. 
DePlancke, D. Bane, D. B. Anderson, and H. R. Gaskins. 2003. Molecular 
ecological analysis of porcine ileal microbiota responses to antimicrobial growth 
promotors. J. Anim. Sci. 81:3035–3045. 
Delzenne, N. M., N. Kok, P. Deloyer, and G. Dandrifosse.  2000.  Dietary fructans modulate 
polyamine concentration in the cecum of rats.  J. Nutr.  130:2456-2460. 
DePlancke, B., O. Vidal, D. Ganessunker, S. M. Donovan, R. I. Mackie, and H. R. Gaskins. 
2002. Selective growth of mucolytic bacteria including Clostridium perfringens in a 
neonatal piglet model of total parenteral nutrition. Amer. J. Clin. Nutr. 76:1117–
1125. 
Dongowski, G., A. Lorenz, and J. Proll.  2002.  The degree of methylation influences the 
degradation of pectin in the intestinal tract of rats and in vitro.  J. Nutr.  132: 1935-
1944. 
Drochner, W.  1987.  Aspects of digestion in the large intestine of the pig.  Adv. Anim. 
Physiol. Anim. Nutr. 17:1-82. 
Dunaif, G., and B. O. Schneeman.  1981.  The effect of dietary fiber on human pancreatic 
enzyme activity in vitro.  Amer. J. Clin. Nutr.  34:1034-1035. 
Edstadtler-Pietch, G.  2003.  Untersuchungen zum energiebedarf von katzen (Investigations 
on energy requirements of cats).  PhD Diss. Veterinary Faculty, Ludwig-
Maximilians-University, Munich, Germany. 
  
83 
 
Englyst, H. N., S. Hay, and G. T. Macfarlane.  1987.  Polysaccharide breakdown by mixed 
populations of human faecal bacteria.  FEMS Microbiol. Ecol.  95:163-171. 
Erwin, E. S., G. J. Marco, and E. M. Emery.  1961.  Volatile fatty acid analyses of blood and 
rumen fluid by gas chromatography.  J. Dairy Sci.  44:1768-1771. 
Flickinger, E. A., E. M. W. C. Schreijen, A. R. Patil, H. S. Hussein, N. R. Merchen, and G. 
C. Fahey, Jr.  2003.  Nutrient digestibilities, microbial populations, and fecal and 
urinary odor components as affected by fructooligosaccharide supplementation of 
dog diets.  J. Anim. Sci. 81:2008-2018. 
Fukunaga, T., M. Sasaki, Y. Araki, T. Okamoto, T. Yasuoka, T. Tsujikawa, Y. Fujiyama, 
and T. Bamba.  2003.  Effects of the soluble fiber pectin on intestinal cell 
proliferation, fecal short chain fatty acid production and microbial population.  
Digestion  67:42-49. 
Green, A. S., J. J. Ramsey, C. Villaverde, D. K. Asami, A. Wei, and A. J. Fascetti.  2008.  
Cats are able to adapt protein oxidation to protein intake provided their requirement 
for dietary protein is met.  J. Nutr.  138:1053-1060. 
Grieshop, C. M., E. A. Flickinger, K. J. Bruce, A. R. Patil, G. L. Czarnecki-Maulden, and G. 
C. Fahey, Jr.  2004.  Gastrointestinal and immunological responses of senior dogs to 
chicory and mannan-oligosaccharides.  Arch. Anim. Nutr.  58:483-493. 
Groeneveld, E. A., H. J. Kappert, J. Van der Kuilen, and A. C. Beynen.  2001.  
Consumption of fructooligosaccharides and nitrogen excretion in cats.  Int. J. Vitam. 
Nutr. Res. 71:254-256. 
  
84 
 
Hesta, M., E. Hoornaert, A. Verlinden, and G. P. J. Janssens.  2005.  The effect of 
oligofructose on urea metabolism and faecal odour components in cats.  J. Anim. 
Physiol. Anim. Nutr.  89:208-214. 
Hesta, M., G. P. J. Janssens, J. Debraekeleer, and R. De Wilde.  2001.  The effect of 
oligofructose and inulin on faecal characteristics and nutrient digestibility in healthy 
cats.  J. Anim. Physiol. Anim. Nutr.  85:135-141. 
Hesta, M., W. Roosen, G. P. J. Janssens, S. Millet, and R. De Wilde.  2003.  Prebiotics 
affect nutrient digestibility but not faecal ammonia in dogs fed increased dietary 
protein levels.  Br. J. Nutr.  90:1007-1014. 
Howard, M. D., M. S. Kerley, G. D. Sunvold, and G. A. Reinhart.  2000.  Source of dietary 
fiber fed to dogs affects nitrogen and energy metabolism and intestinal microflora 
populations.  Nutr. Res.  20:1473-1484. 
Kaufmann, W.  1986.  Fermentation in the forestomachs and the hind gut, a comparison.  
Arch. Anim. Nutr.  36:205-212. 
Kerr, B. J., C. J. Ziemer, S. L. Trabue, J. D. Crouse, and T. B. Parkin.  2006.  Manure 
composition of swine as affected by dietary protein and cellulose concentrations.  J. 
Anim. Sci.  84:1584-1592. 
Kienzle, E., B. Dobenecker, and S. Eber.  2001.  Effect of cellulose on the digestibility of 
high starch versus high fat diets in dogs.  J. Anim. Physiol. Anim. Nutr. 85:174-185. 
Macfarlane, G. T., and J. H. Cummings.  1991.  The colonic flora, fermentation, and large 
bowel digestive function.  Pages 51-92.  In: The Large Intestine: Physiology, 
Pathophysiology, and Disease.  S.F. Phillips, J.H. Pemberton, and R.G. Shorter, ed. 
Raven Press, New York, NY. 
  
85 
 
Malinen, E., A. Kassinen, T. Rinttila, and A. Palva. 2003. Comparison of real-time PCR 
with SYBR Green I or 5′-nuclease assays and dot-blot hybridization with rDNA-
targeted oligonucleotide probes in quantification of selected faecal bacteria. 
Microbiol. 149:269–277. 
Middelbos, I. S., M. R. Godoy, N. D. Fastinger, and G. C. Fahey, Jr.  2007.  A dose-
response evaluation of spray-dried yeast cell wall supplementation of diets fed to 
adult dogs: Effects on nutrient digestibility, immune indices, and fecal microbial 
populations.  J. Anim. Sci.  85:3022-3032. 
Noack, J., G. Dongowski, L. Hartmann, and M. Blaut.  2000.  The human gut bacteria 
Bacteroides thetaiotaomicron and Fusobacterium varium produce putrescine and 
spermine in the cecum of pectin-fed gnotobiotic rats.  J. Nutr.  130:1225-1231. 
Propst, E. L., E. A. Flickinger, L. L. Bauer, N. R. Merchen, and G. C. Fahey, Jr.  2003.  A 
dose-response experiment evaluating the effects of oligofructose and inulin on 
nutrient digestibility, stool quality, and fecal protein catabolites in healthy adult 
dogs.  J. Anim. Sci.  81:3057-3066. 
Prosky, L., N.-G. Asp, T. F. Schwizer, J. W. De Vries, and I. Furda.  1992.  Determination 
of insoluble and soluble dietary fiber in foods and food products: Collaborative 
study.  J. Assoc. Off. Anal. Chem.  75:360-367. 
Ritche, L. E., J. M. Steiner, and J. S. Suchodolski.  2008.  Assessment of microbial diversity 
along the feline intestinal tract using 16S rRNA gene analysis.  FEMS Microbiol. 
Ecol.  66:590-598. 
  
86 
 
Roberfroid, M.  2005.  The digestive functions: Inulin-type fructans as fermentable 
carbohydrates.  Pages 73-101 in Inulin-type fructans: Functional food ingredients.  I. 
Wolinsky and J. F. Hickson, ed. CRC Press, Boca Raton, FL. 
Russell, T. J.  1998.  The effect of natural source of non-digestible oligosaccharides on the 
fecal microflora of the dog and effects on digestion.  Friskies R & D Center, St. 
Joseph, MO.  
Sparkes, A. H., K.  Papasouliotis, G. Sunvold, G. Werrett, E. A. Gruffydd-Jones, K. Egan, 
T. J. Gruffydd-Jones, and G. Reinhart.  1998.  Effect of dietary supplementation with 
fructooligosaccharides on fecal flora of healthy cats.  Amer. J. Vet. Res.  59:436-
440. 
Sunvold, G. D., G. C. Fahey Jr., N. R. Merchen, L. D. Bourquin, E. C. Titgemeyer, L. L. 
Bauer, and G. A. Reinhart.  1995.  Dietary fiber for cats: In vitro fermentation of 
selected fiber sources by cat fecal inoculum and in vivo utilization of diets 
containing selected fiber sources and their blends.  J. Anim. Sci.  73:2329-2339. 
Sutton, A. L., K. B. Kephart, M. W. Verstegen, T. T. Cahn, and P. J. Hobbs.  1999.  
Potential for reduction of odorous compounds in swine manure through diet 
modification.  J. Anim. Sci.  77:430-439. 
Swanson, K. S., C. M. Grieshop, E. A. Flickinger, L. L. Bauer, J. Chow, B. W. Wolf, K. A. 
Garleb, and G. C. Fahey, Jr.  2002a.  Fructooligosaccharides and Lactobacillus 
acidophilus modify gut microbial populations, total tract nutrient digestibilities and 
fecal protein catabolites concentrations in healthy adult dogs.  J. Nutr.  132:3721-
3731. 
  
87 
 
Swanson, K. S., C. M. Grieshop, E. A. Flickinger, L. L. Bauer, H.-P. Healy, K. A. Dawson, 
N. R. Merchen, and G. C. Fahey, Jr.  2002b.  Supplemental fructooligosaccharides 
and mannanoligosaccharides influence immune function, ileal and total tract nutrient 
digestibilities, microbial populations and concentrations of protein catabolites in the 
large bowel of dogs.  J. Nutr.  132:980-989. 
Terada, A., H. Hara, S. Kato, T. Kimura, I. Fujimori, K. Hara, T. Maruyama, and T. 
Mitsuoka. 1993.  Effect of lactosucrose (4G-beta-D-galactosylsucrose) on fecal flora 
and fecal putrefactive products of cats.  J. Vet. Med. Sci. 55:291-295. 
Van Loo, J., and D. Vancraeynest.  2008.  Prebiotics and animal nutrition.  Pages 421-436 in 
Handbook of Prebiotics.  G. R. Gibson and M. B. Roberfroid, ed. CRC Press, Boca 
Raton, FL. 
van Rijssel, M., and T. A. Hansen.  1989.  Fermentation of pectin by a newly isolated 
Clostridium thermosaccharolyticum strain.  FEMS Microbiol. Letters  61:41-46. 
Wang, R. F., W. W. Cao, W. Franklin, W. Campbell, and C. E. Cerniglia.  1994. A 16S 
rDNA-based PCR method for rapid and specific detection of Clostridium 
perfringens in food. Mol. Cell. Probes  8:131–137. 
Yu, Z., and M. Morrison.  2004.  Improved extraction of PCR-quality communityDNA from 
digesta and fecal samples.  Biotechniques 36:808-812 
Zacharias, B., A. Kerler, and W. Drochner.  2004.  The influence of 5% and 10% dietary 
apple pectin on parameters of fermentation in faeces and caecal digesta of weaning 
pigs.  Arch. Anim. Nutr.  58:149-156. 
  
88 
 
Zentek, J.  1995a.  Influence of diet composition on the microbial activity in the gastro-
intestinal tract of dogs.  I.  Effects of varying protein intake on the composition of 
ileum chyme and the faeces.  J. Anim. Physiol. Anim. Nutr.  74:43-52. 
Zentek, J.  1995b.  Influence of diet composition on the microbial activity in the gastro-
intestinal tract of dogs.  II.  Effects on the microflora in the ileum chyme.  J. Anim. 
Physiol. Anim. Nutr.  74:53-61. 
Zentek, J., B. Marquart, T. Pietrzak, O. Ballevre, and F. Rochat.  2003.  Dietary effects on 
bifidobacteria and Clostridium perfringens in the canine intestinal tract.  J. Anim. 
Physiol. Anim. Nutr.  87:397-407. 
  
89 
 
Table 4-1. Composition of basal diet containing test carbohydrates and fed to cats (as-fed 
basis)  
  
Ingredient % 
  
Poultry by-product meal, low ash 35.00 
Brewers rice 17.86 
Yellow corn, ground 16.00 
Poultry fat 12.00 
Dried egg 5.00 
Test carbohydrate
1
 4.00 
Brewers yeast 3.00 
Corn gluten meal 2.50 
Digest, liquid 2.00 
Sodium bisulfate 1.00 
Potassium chloride 0.55 
Salt 0.50 
Choline chloride
2
 0.20 
Taurine
3
 0.15 
Vitamin premix
4
 0.12 
Trace mineral premix
5
 0.12 
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1
Cellulose: Solka-Floc, International Fiber Corp., North Tonawanda, NY; FOS: 
SynergyC, BENEO Group, Tienen, Belgium; and Pectin: HM Pectin, TIC Gums, White 
Marsh, MD. 
2
Provided 2,979 mg choline/kg.  
3
Provided 1.47 g taurine/kg. 
4
Provided the following per kilogram of diet: vitamin A, 10,560 IU; vitamin D3, 
1,056 IU; vitamin E, 105.6 IU; vitamin K, 0.5 mg; thiamin, 2.6 mg; riboflavin, 3.4 mg; 
pantothenic acid, 13.2 mg; niacin, 23.8 mg; pyridoxine, 2.1 mg; biotin, 0.1 mg; folic acid,  
264.0 µg; and vitamin B12, 66.0 µg. 
5
Provided the following per kilogram of diet: manganese (MnO), 66.0 mg; iron 
(FeSO4), 120.0 mg; copper (CuSO4), 18.0 mg; cobalt (CoCO3), 1.2 mg; zinc (ZnO), 240.0 
mg; iodine (C2H6N2
.
2HI), 1.8 mg; and selenium (Na2SeO3), 240.0 µg. 
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Table 4-2.  Nutrient composition of extruded cat diets 
    
 Treatment 
Item Cellulose FOS Pectin 
    
Dry matter, % 93.0 92.9 90.7 
    
 ------------------------ % DM basis ------------------------ 
Organic matter 91.4 91.1 91.0 
Crude protein 34.0 34.2 34.4 
Acid hydrolyzed fat 20.3 20.6 21.1 
Total dietary fiber 7.9 3.6 6.7 
     Insoluble dietary fiber 6.5 2.6 4.6 
     Soluble dietary fiber 1.4 1.0 2.1 
    
Gross energy, kJ/g  22.4 22.2 22.4 
Metabolizable energy, kJ/g 
     (calculated)
1
 16.5 16.5 16.8 
1
Metabolizable energy was calculated using the following equation: [(14.64 × % CP) 
+ (35.56 × % Acid hydrolyzed fat) + (14.64 × % Carbohydrate)]/100, where carbohydrate 
(% NFE) is equal to: 100 – (% Ash) – (% CP) – (% Acid hydrolyzed fat) – (% Total dietary 
fiber) when all values are expressed on a DM basis (AAFCO, 2009). 
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Table 4-3.  Intake, fecal characteristics, and nutrient digestibilities for cats fed select fibers 
      
 Treatment   
Item Cellulose FOS
1
 Pectin PSEM
2
 P-value
3
 
    
 --------------- Intake, g/d ---------------   
Dry matter 70.3 68.7 66.6 2.4 0.183 
Organic matter 64.7 62.6 61.1 2.1 0.103 
Crude protein 23.9 23.5 22.9 0.8 0.492 
Acid hydrolyzed fat 14.3 14.3 14.0 0.5 0.169 
      
 ------- Apparent digestibility, % -------   
Dry matter 88.5 87.0 86.6 1.7 0.953 
Organic matter 90.1 90.9 89.9 1.2 0.806 
Crude protein 90.5
d
 88.0
cd
 87.4
c
 1.4 0.079 
Acid hydrolyzed fat 95.8
b
 95.3
b
 92.5
a
 0.7 0.001 
a,b
Different superscript letters in the same row denote differences (P < 0.05) among 
treatments.  
c,d
Different superscript letters in the same row denote trends (P < 0.10) among 
treatments. 
 
1
Fructooligosaccharides. 
2
Pooled SEM. 
3
Indicates type 3 fixed effect of diet. 
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Table 4-4.  Fecal pH, score, DM, and concentrations of ammonia, 4-methyl phenol, and 
indole for cats fed select fibers 
    
 Treatment   
Item Cellulose FOS
1
 Pectin PSEM
2
 P-value
3
 
      
Fecal pH 6.3 6.4 6.3 0.1 0.776 
Fecal score (out of 5) 2.0
a
 2.8
b
 2.7
b
 0.1 <0.001 
Fecal DM, % 29.2 34.0 32.9 4.0 0.530 
Fecal output, g/d as-is 28.5 30.1 30.0 2.1 0.589 
Fecal output, g/d DM 
     basis (dehaired) 9.4 9.0 9.1 1.2 0.936 
      
Ammonia, mmol/g 
     fecal DM 0.1
a
 0.2
b
 0.2
b
 0.0 0.003 
4-methyl phenol, 
     µmol/g fecal DM 1.6
a
 3.7
b
 3.5
b
 0.5 0.003 
Indole, µmol/g fecal 
     DM 1.4
a
 2.4
b
 2.1
ab
 0.3 0.049 
a,b
Different superscript letters in the same row denote differences (P < 0.05) among 
treatments.
 
1
Fructooligosaccharides. 
2
Pooled SEM. 
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3
Indicates type 3 fixed effect of diet. 
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Table 4-5.  Concentrations of fecal short-chain (SCFA) and branched-chain fatty acids 
(BCFA; µmol/g fecal DM) for cats fed select fibers 
    
 Treatment   
Item Cellulose FOS
1
 Pectin PSEM
2
 P-value
3
 
    
SCFA  
   Acetate 172.9
a
 217.9
ab
 291.8
b
 30.0 0.030 
   Propionate 58.3
a
 61.1
a
 109.0
b
 14.9 0.035 
   Butyrate 39.2
a
 97.3
b
 94.3
b
 13.6 0.010 
   Total SCFA 270.3
a
 376.3
ab
 494.0
b
 48.7 0.016 
      
BCFA  
   Isobutyrate 8.2
a
 12.6
b
 12.6
b
 1.2 0.011 
   Isovalerate 13.3
a
 21.0
b
 21.1
b
 2.2 0.012 
   Valerate 22.5
a
 29.8
b
 30.1
b
 2.5 0.026 
   Total BCFA + 
     valerate 44.0
a
 63.3
b
 63.9
b
 5.4 0.008 
a,b
Different superscript letters in the same row denote differences (P < 0.05) among 
treatments. 
1
Fructooligosaccharides. 
2
Pooled SEM. 
3
Indicates type 3 fixed effect of diet. 
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Table 4-6.  Concentrations of fecal biogenic amines (µmol/g fecal DM) for cats fed select 
fibers 
      
 Treatment   
Item Cellulose FOS
1
 Pectin PSEM
2
 P-value
3
 
    
Cadaverine 15.26
a
 55.68
b
 63.44
b
 7.15 <0.001 
Histamine 0.23 0.29 0.29 0.08 0.699 
Phenylethylamine 0.05 0.04 0.05 0.03 0.934 
Putrescine 2.07
a
 13.28
b
 42.30
c
 5.75 <0.001 
Spermidine 0.54
a
 0.79
a
 1.64
b
 0.14 <0.001 
Tryptamine 1.17
a
 5.77
b
 6.02
b
 0.58 <0.001 
Tyramine 1.38
b
 0.24
a
 1.71
b
 0.43 0.039 
Total amines 20.69
a
 76.10
b
 115.55
c
 12.52 <0.001 
a-c
Different superscript letters in the same row denote differences (P < 0.05) among 
treatments. 
 1
Fructooligosaccharides.
  
2
Pooled SEM. 
3
Indicates type 3 fixed effect of diet. 
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Table 4-7. Fecal microbial genera (log10 colony forming unit/g fecal DM) of cats fed select 
fibers 
      
 Treatment   
Item Cellulose FOS
1
 Pectin PSEM
2
 P-value
3
 
    
Bifidobacterium spp. 10.4
a
 11.6
b
 10.7
a
 0.3 0.006 
Clostridium perfringens 10.3
a
 10.1
a
 11.5
b
 0.3 <0.001 
E. coli 9.3
b
 8.4
a
 11.1
c
 0.3 <0.001 
Lactobacillus spp. 10.9
a
 11.0
a
 11.2
b
 0.1 0.030 
a-c
Different superscript letters in the same row denote differences (P < 0.05) among 
treatments.
 
1
Fructooligosaccharides. 
2
Pooled SEM. 
3
Indicates type 3 fixed effect of diet. 
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CHAPTER 5: ADAPTATION OF HEALTHY ADULT CATS TO SELECT 
DIETARY FIBERS IN VIVO AFFECTS GAS AND SHORT-CHAIN FATTY ACID 
PRODUCTION FROM FIBER FERMENTATION IN VITRO 
 
ABSTRACT:  Nine young adult (1.73 ± 0.03 y) male cats were used to determine the 
effects of microbial adaptation to select dietary fiber sources on changes in pH in vitro and 
on total and hydrogen gas, short-chain fatty acid (SCFA), and branched-chain fatty acid 
(BCFA) production.  Cats were adapted to diets containing 4% cellulose, 
fructooligosaccharides (FOS), or pectin for 30 d prior to fecal sampling.   Each cat was used 
as a single donor, and fecal inoculum was reacted with each of the aforementioned fiber 
substrates.  Fructooligosaccharides resulted in the greatest change in pH and total gas, 
hydrogen gas, acetate, propionate, butyrate, total SCFA, valerate, and total BCFA 
production (P<0.001), regardless of dietary fiber adaptation.  Adaptation to the FOS or 
pectin diets increased production of hydrogen (P=0.025) gas with all substrates.  Adaptation 
to pectin increased (P=0.033) total gas production with all substrates.  When exposed to the 
FOS substrate, dietary adaptation to FOS or pectin increased (P=0.021) hydrogen gas 
production.  Adaptation to dietary FOS increased (P=0.001) acetate and total SCFA 
production when exposed to FOS in vitro.  When exposed to the FOS substrate, propionate 
production tended to increase (P=0.060) with adaptation to cellulose. Valerate (P=0.064) 
and BCFA+valerate (P=0.092) tended to decrease with adaptation to dietary FOS when 
exposed to FOS in vitro.  Overall, adaptation to either FOS or pectin led to greater SCFA 
and gas production, but adaptation to FOS resulted in the greatest effect overall. 
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INTRODUCTION 
 Currently, in vitro fermentation analyses are used to estimate the fermentability of 
substrates within the gastrointestinal tract of animals by measuring production of gas and 
short- and branched-chain fatty acids (SCFA and BCFA, respectively).  In vitro analysis of 
fibrous substrates is particularly useful when investigating a novel fiber source for a diet, or 
how a fiber source is utilized by an animal’s microbiota in vivo.  In vitro fermentation with 
cat inoculum showed variability in ability to predict in vivo fermentability of fibrous 
substrates (Sunvold et al., 1995a).  Generally, single fiber sources and more simplistic fiber 
blends were more accurately predicted than a complex, highly fermentable blend.  Research 
related to fiber supplementation is lacking for cats, likely because the cat is a true carnivore 
and dietary fiber does not make up a large portion of its typical diet.  However, cats can 
benefit from dietary fiber supplementation, especially when suffering from metabolic and 
gastrointestinal disorders that are affected by fiber (Nelson et al., 2000; Verbrugghe et al., 
2009) 
A concern related to investigating in vitro fermentation is the extent to which 
microbial adaptation to a dietary fiber source affects the outcomes measured.  The diet 
consumed by the donor animal may greatly influence the results of any in vitro analysis 
performed.  Sunvold et al. (1995b) observed that OM disappearance and SCFA production 
were greater when cats were adapted to a diet containing 12.5% beet pulp compared to no 
supplemental fiber.  However, this study did not investigate the effects of adapting the cat’s 
large bowel microbiota to the fiber source being investigated in vitro, which could result in 
even greater responses in vitro.  The objectives of this research were to determine the effects 
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of microbial adaptation in vivo to fiber source on changes in pH and total and hydrogen gas, 
SCFA, and BCFA production in vitro. 
MATERIALS AND METHODS 
All animal care procedures were approved by the University of Illinois Institutional 
Animal Care and Use Committee before initiation of the experiment. 
Substrates 
Substrates used were α-cellulose (Solka Floc, International Fiber Corp., North 
Tonawanda, NY), fructooligosaccharides (FOS; SynergyC, BENEO Group, Tienen, 
Belgium), and pectin (HM Pectin, TIC Gums, White Marsh, MD).  These substrates were 
selected for their variable fermentability and solubility properties.  α-Cellulose and FOS are 
currently used as sources of dietary fiber in feline diets, and pectin was investigated as a 
potential dietary fiber source.   
Donors 
Three male domestic shorthair cats (age = 1.73 ± 0.03 y; BW = 5.7 ± 1.3 kg) were 
fed a diet containing α-cellulose as the source of fiber, 3 cats (age = 1.68 ± 0.11 y; BW = 5.8 
± 1.4 kg) were fed a diet containing pectin as the source of fiber, and 3 cats (age = 1.73 ± 
0.03 y; BW = 6.4 ± 0.2 kg) were fed a diet containing FOS as the source of fiber for 31 d 
before collection of a single fecal sample from each cat.  The diets were formulated to 
contain 4% supplemental total dietary fiber from each fiber source.  The cellulose diet was 
chosen to represent a diet containing a non-fermentable, insoluble fiber source; the pectin 
diet was chosen to represent a diet containing a highly fermentable, soluble fiber source; and 
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the FOS diet was chosen to represent a diet containing a highly fermentable, completely 
soluble, prebiotic fiber source.  A detailed description of the diets and animal housing 
conditions is presented in Barry et al. (2010). 
Medium Composition and Substrate Fermentation 
For each pull time (0 and 12 h fermentation), 115 mg of substrate were weighed in 
triplicate into 16 mL Balch tubes that were used in a model that simulated large bowel 
fermentation (Bourquin et al., 1993).  The composition of the medium used to conduct the in 
vitro fermentation experiment is presented in Table 5-1.  All medium components, except 
for the vitamin mixes, were added before autoclaving.  The vitamin mixes were aseptically 
added after they were filter sterilized.  An aliquot (10 mL) of medium was aseptically 
transferred into the appropriate Balch tubes, capped with butyl rubber stoppers, and sealed 
with aluminum caps.  All tubes were stored at 4ºC for approximately 12 h to enable 
hydration of the substrates before initiating fermentation.  Tubes were placed in a 37ºC 
water bath approximately 30 min before inoculation. 
Freshly voided fecal samples from each cat were immediately placed into sterile 
sampling bags (Whirlpac, Fisher Scientific, Pittsburgh, PA) that were sealed after 
expressing excess air.  Each sample then was diluted 1:10 (wt/vol) in previously warmed 
(39ºC) anaerobic diluting solution (Bryant and Burkey, 1953) by blending it for 15 s in a 
Waring blender under a stream of CO2.  Blended, diluted feces were filtered through four 
layers of cheesecloth and sealed in 100 mL serum bottles under CO2.   
Appropriate sample and blank tubes were aseptically inoculated with 1.5 mL of 
diluted feces, which provided a 1:100 dilution of the substrate.  Tubes were incubated at 
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39ºC with periodic mixing for 0 or 12 h, after which time they were stored in a cold room 
for at least 24 h to halt microbial growth.  Tubes were stored because not all fecal samples 
could be collected at the same time from the cats, which did not allow for immediate sample 
processing.  First, a 1 mL aliquot was taken with a gastight syringe for gas composition (H2 
and CH4) with a Quintron gas analyzer (Quintron Instrument Co., Milwaukee, WI).  Gas 
production then was determined by fluid displacement (water with 5% HCl and resazurin) at 
equal pressure using a manometer (Campbell and Fahey, 1997).  Corrections were made for 
temperature, pressure, and headspace contained in the Balch tube prior to the initiation of 
fermentation.  Gas production (mL) was calculated as gas produced from the substrate 
minus gas produced from the blank divided by original sample weight expressed on a DM 
basis.  The pH of tube contents was measured using a standard pH meter (Denver 
Instrument Co., Arvada, CO).  Finally, a 2 mL aliquot was taken from each tube for SCFA 
and BCFA analyses.   
Short- and Branched-Chain Fatty Acid Analyses 
 The 2 mL aliquot of fluid removed from the sample tubes for SCFA and BCFA 
analyses was immediately added to 0.5 mL of 25% metaphosphoric acid, precipitated for 30 
min, and centrifuged at 20,000 × g at 4ºC for 20 min.  The supernatant was decanted and 
frozen at -20ºC overnight in microfuge tubes.  After freezing, the supernatant was thawed 
and centrifuged in microfuge tubes at 10,000 × g at room temperature for 10 min.  
Concentrations of SCFA and BCFA in the supernatants were determined using a Hewlett-
Packard 5890A series II gas chromatograph (Palo Alto, CA) and a glass column (180 cm × 
4 mm id) packed with 10% SP-1200/1% H3PO4 on 80/100+ mesh Chromosorb WAW 
(Supelco Inc., Bellefonte, PA).  Oven, detector, and injector temperatures were 125, 175, 
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and 180ºC, respectively.  Short- and branched chain fatty acid concentration values were 
corrected for blank tube production of SCFA and BCFA, then also corrected for production 
of SCFA and BCFA at the time of the 0 hour pull.  All samples were run in duplicate and an 
error term of ≤ 5% was considered acceptable. 
Statistical Analyses 
 Data were analyzed as a split-plot design using the Proc Mixed procedure of SAS 
(SAS Inst., Inc., Cary, NC).  The whole plot consisted of a 3 × 3 factorial arrangement of 
treatments with dietary adaptation as the treatment effect.  The subplot effects were 
substrate and the interaction between diet and substrate.  Therefore, dietary adaptation, 
substrate, and the interaction of dietary adaptation × substrate were used in the statistical 
model.  The Tukey adjustment was added to protect against experiment-wise error, and the 
Satterthwaite procedure was used to determine the denominator degrees of freedom.  Least 
squares means were reported along with the pooled SEM for all response criteria.  When 
significant (P < 0.05) differences were detected, individual means were compared using the 
least significant difference method of SAS (Milliken and Johnson, 1984). 
RESULTS 
Dry matter and OM concentrations of substrates were similar across substrates.  Dry 
matter was 94.8, 95.6, and 91.4% for cellulose, FOS, and pectin, respectively.  
Corresponding OM values were 99.7, 99.9, and 98.1%. 
The main effects of dietary adaptation are presented in Table 5-2.  Adaptation to diet 
had no effect on change in pH or acetate, butyrate, or total SCFA production.  Total gas 
production was greater (P = 0.033) with adaptation to the pectin diet, and hydrogen gas 
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production was greater (P = 0.025) with adaptation to the FOS and pectin diets.  Propionate 
production tended to be greater (P = 0.076) with dietary adaptation to cellulose.  When 
adapted to the FOS diet, BCFA + valerate concentration was lower (P = 0.018).  Samples 
were analyzed for methane gas; however, methane was undetected in all samples.   
The main effects of substrate are presented in Table 5-3.  With regard to all outcome 
variables measured, the same pattern was observed for substrates, regardless of dietary 
adaptation to fiber source.  The cellulose substrate generated the lowest (P < 0.001) values 
for change in pH and production of total gas, hydrogen gas, acetate, propionate, butyrate, 
total SCFA, and BCFA + valerate.  The pectin substrate resulted in greater (P < 0.001) 
values than cellulose, and the FOS substrate resulted in the highest (P < 0.001) values of the 
three substrates tested. 
Interactions between dietary adaptation and substrate are presented in Table 5-4.  No 
interactions were observed for total gas or butyrate production.  A smaller (P < 0.001) 
change in pH was observed with the pectin substrate when microbiota were adapted to the 
FOS diet than to the cellulose or pectin diets.  As regards the FOS substrate, greater (P = 
0.021) amounts of hydrogen gas were produced with microbial adaptation to the FOS and 
pectin diets than to the cellulose diet.  Production of acetate and total SCFA was greater (P 
= 0.001) when microbiota were adapted to the FOS diet and exposed to the FOS substrate.  
When fecal inoculum was from cats adapted to the cellulose diet, and when the FOS 
substrate was tested, propionate production values tended (P = 0.060) to be higher than for 
values when cats were adapted to the pectin diet.  When fecal inoculum was from cats 
adapted to the FOS diet, BCFA + valerate production values tended (P = 0.092) to be lower 
with the FOS substrate compared to the cellulose substrates. 
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DISCUSSION 
 The objective of this research was to determine if microbial adaptation to a specific 
dietary fiber source by the cat affects the results of an in vitro analysis of fiber 
fermentability.  Several challenges are presented when attempting to study the 
fermentability of fibers and non-digestible carbohydrates in the large intestine, the greatest 
of which is gaining access to this area without disrupting normal intestinal function and 
microflora.  Thus, in vitro fermentation analyses conducted with fecal microbiota are used 
to simulate fermentation in the large intestine.  The question is whether cats adapted to 
select dietary fibers will produce a microbial inoculum in the large bowel that will 
subsequently affect fermentation patterns of pure fiber substrates upon in vitro incubation.  
Few data of this type are available with cats. 
Regardless of microbial adaptation, cellulose remained refractory to fermentation 
and resulted in minimal SCFA and BCFA production, and no changes in pH, total gas, or 
hydrogen gas were observed.  These results were anticipated as cellulose is unfermentable 
by microbiota from all non-ruminant species studied to date, and these results are similar to 
those of Sunvold et al. (1995a,b).  The production values for total gas, hydrogen gas, and 
SCFA by cellulose were even lower than those observed by Campbell and Fahey (1997) 
using human fecal inoculum.  As regards the effect of microbial adaptation, the SCFA 
response to cellulose is similar to that observed in rats adapted to a diet containing cellulose 
(Stark and Madar, 1993; Goñi et al., 2001). 
Microbial adaptation to dietary treatments impacted several outcome variables in the 
present study.  Adaptation to pectin increased total and hydrogen gas production.  As pectin 
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is rapidly fermented in the colon (Anderson and Chen, 1979), these results were not 
surprising.  Adaptation to FOS increased hydrogen gas production, but not total gas 
production.  Similar to pectin, FOS is rapidly fermented as it enters the colon.  However, 
FOS has a simpler structure (straighter chain) and lower degree of polymerization than 
pectin, so the gastrointestinal microbiota may have been able to adapt to the FOS substrate 
more readily than to the pectin substrate, thereby reducing the quantity of total gas 
produced.  Furthermore, adaptation to FOS decreased BCFA + valerate production.  
Research in dogs has observed that concentrations of SCFA increase and BCFA decrease 
when animals are supplemented with FOS (Swanson et al., 2002; Propst et al., 2003).  This 
indicates a shift away from protein fermentation, as BCFA are generated from the 
fermentation of amino acids in the colon (Macfarlane and Cummings, 1991).  Finally, 
adaptation to cellulose increased propionate production.  As stated previously, cellulose is 
largely unaffected by fermentation in the colon of the cat, and the observed increase in 
propionate production was not expected.  The observed changes in concentrations of 
propionate appear to be associated with microbial adaptation to pectin and are likely due to 
some unfermented pectin substrate remaining in the fecal sample used to generate the 
inoculum. 
The FOS substrate, regardless of microbial adaptation to dietary fiber source, exerted 
the greatest impact on all outcome variables when compared to the cellulose or pectin 
substrates.  While FOS has not been investigated in vitro using the cat, the results for acetate 
production in the present study are similar to those with dogs (Bosch et al., 2008).  
Propionate, butyrate, and total SCFA concentrations were higher using dog fecal inoculum 
(Bosch et al., 2008).  Propionate production was higher, and pH, butyrate, total SCFA, and 
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total gas production lower, in the present study compared with in vitro studies utilizing 
human fecal inoculum (Hernot et al., 2009; Vester Boler et al., 2009).  However, acetate and 
hydrogen gas values were equivalent to or lower than those measured using human fecal 
inoculum (Hernot et al., 2009; Vester Boler et al., 2009).   
Pectin fermentation end-product production values were intermediate to those for 
cellulose and FOS substrates, but were typically closer to the results observed for FOS.  
Total gas production was lower and pH and hydrogen gas values similar to or lower than 
those in the present study compared to studies utilizing human fecal inoculum (Hernot et al., 
2009; Vester Boler et al., 2009).  In previous research utilizing cat fecal inoculum, acetate, 
propionate, and total SCFA values were equivalent to or lower than those of the present 
study (Sunvold et al., 1995a,b).  Propionate, butyrate, and total SCFA production were 
higher compared to results from a study using dog fecal inoculum (Bosch et al., 2008), but 
acetate concentrations were similar.  Studies with human fecal inoculum showed lower 
acetate, butyrate, and total SCFA production (Hernot et al., 2009; Vester Boler et al., 2009).   
Microbial adaptation to a substrate should increase the efficiency with which a 
substrate would be utilized within a dietary matrix.  Microbial adaptation to the FOS diet 
appeared to greatly impact the results observed when fecal microbiota from cats fed FOS 
were exposed to pure forms of this substrate in vitro.  Acetate and total SCFA production 
were increased, and valerate concentrations decreased, when microbiota were adapted to the 
FOS diet and exposed to the FOS substrate when compared to the other treatment 
combinations.  The observed numerical decrease in pH and increase in hydrogen gas 
production correlate well with the changes in SCFA production, as these outcomes indicate 
increased fermentation and would be anticipated with increased SCFA.  Production of 
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acetate, propionate, butyrate, and total SCFA were greater in the present study compared to 
an in vitro study using fecal inoculum from dogs that were not adapted to a diet containing 
FOS (Bosch et al., 2008).  Together, these observations indicate that adaptation of 
microbiota to a given fiber source positively influences the production of SCFA. 
When the impact of microbial adaptation on BCFA production is considered, a clear 
shift is observed in the impact of dietary FOS on the production of BCFA + valerate (values 
are lowest) when FOS is the in vitro substrate.  It appears that these microbiota are primed 
to produce SCFA, as the total SCFA concentration for this specific combination of dietary 
adaptation and substrate is greater than for any other combination studied.  This observation 
is not static—when the microbiota are adapted to pectin, pectin-adapted microbiota produce 
numerically more valerate than cellulose- or FOS-adapted microbiota when exposed to the 
pectin substrate.  In this case, there may be more microbial mass associated with the fecal 
inoculum, or the microbiota may be interacting with other microbiota in the tubes to 
generate a more robust population that can ferment the pectin.  Small amounts of 
fermentable substrate also may remain unfermented through the gastrointestinal tract, as 
evidenced by the response observed for pectin-adapted microbiota exposed to the cellulose 
substrate.  Clearly, production of SCFA, and even some BCFA, are higher for this treatment 
and adaptation combination compared with other combinations, and the pattern of SCFA 
production follows a pattern similar to that observed for pectin fermentation in humans 
(Englyst et al., 1987). 
When the effect of microbial adaptation to a dietary cellulose-containing treatment is 
investigated, the response varies depending on the type of fiber being fermented.  If added 
to a cellulose substrate, microbes adapted to cellulose produce little gas, SCFA, or BCFA.  
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However, if cellulose-adapted microbiota are exposed to a fermentable fiber like FOS or 
pectin, the resulting fermentative end-products are produced in high concentrations, 
sometimes higher than those produced by microbiota that are adapted to much more 
fermentable fibers.  This is likely because the cellulose-adapted microbiota have the 
capacity to utilize these highly fermentable substrates for rapid growth but were, in a sense, 
deprived of energy because of the nonfermentable nature of the cellulose. 
In conclusion, microbial adaptation to dietary fiber by the cat appears to affect the 
results of in vitro fermentation analyses, and this response is highly dependent on the source 
of dietary fiber.  Although cellulose had little impact on gas and SCFA production, FOS 
exerted the largest impact on these outcomes. As evidenced by the results of the present 
study, the impact of microbial adaptation to a fiber varies by fiber source.  Adaptation to 
FOS appears to influence the outcome variables measured in this experiment far more than 
adaptation to cellulose or pectin.   These results address the need for consideration of the 
source of fiber in the diet of an animal selected as a fecal donor for in vitro studies.  Careful 
consideration of the potential for microbial adaptation to a given fiber source will prevent 
unintentional bias and should be regarded as a factor critical to conducting a successful in 
vitro evaluation of fiber substrates. 
 
LITERATURE CITED 
Anderson, J. W., and W.-J. L. Chen.  1979.  Plant fiber.  Carbohydrate and lipid 
metabolism.  Am. J. Clin. Nutr.  32:346-363.  
  
110 
 
Barry, K. A., B. J. Wojcicki, I. S. Middelbos, B. M. Vester, K. S. Swanson, and G. C. 
Fahey, Jr.  2010.  Dietary cellulose, fructooligosaccharides, and pectin modify fecal 
protein catabolites and microbial populations in adult cats.  J. Anim. Sci. 
doi:10.2527/jas.2009-2464. 
Bosch, G., W. F. Pellikaan, P. G. P. Rutten, A. F. B. van der Poel, M. W. A. Verstegen, and 
W. H. Hendriks.  2008.  Comparative in vitro fermentation activity in the canine 
distal gastrointestinal tract and fermentation kinetics of fiber sources.  J. Anim. Sci.  
86: 2979-2989. 
Bourquin, L. D., E. C. Titgemeyer, and G. C. Fahey, Jr.  1993.  Vegetable fiber fermentation 
by human fecal bacteria: Cell wall polysaccharide disappearance and short-chain 
fatty acid production during in vitro fermentation and water-holding capacity of 
unfermented residues.  J. Nutr.  123: 860-869. 
Bryant, M. P., and L. A. Burkey.  1953.  Cultural methods and some characteristics of some 
of the more numerous groups of bacteria in the bovine rumen.  J. Dairy Sci.  36: 205-
217. 
Campbell, J. M., and G. C. Fahey, Jr.  1997.  Psyllium and methycellulose fermentation 
properties in relation to insoluble and soluble fiber standards.  Nutr. Res.  17: 619-
629. 
Englyst, H. N., S. Hay, and G. T. Macfarlane.  1987.  Polysaccharide breakdown by mixed 
populations of human faecal bacteria.  FEMS Microbiol. Ecol.  95:163-171. 
  
111 
 
Goñi, I., M. Gudiel-Urbano, L. Bravo, and F. Saura-Calixto.  2001.  Dietary modulation of 
bacterial fermentative capacity by edible seaweeds in rats.  J. Agric. Food Chem.  
49: 2663-2668. 
Hernot, D. C., T. W. Boileau, L. L. Bauer, I. S. Middelbos, M. R. Murphy, K.S. Swanson, 
and G. C. Fahey, Jr.  2009.  In vitro fermentation profiles, gas production rates, and 
microbiota modulation as affected by certain fructans, galactooligosaccharides, and 
polydextrose.  J. Agric. Food Chem.  57: 1354-1362. 
Macfarlane, G. T., and J. H. Cummings.  1991.  The colonic flora, fermentation, and large 
bowel digestive function.  Pages 51-92.  In: The Large Intestine: Physiology, 
Pathophysiology, and Disease.  S.F. Phillips, J.H. Pemberton, and R.G. Shorter, ed. 
Raven Press, New York, NY. 
Milliken, G., and D. Johnson.  1984.  Analysis of messy data.  In Designed Experiments, 
Vol. 1.  Van Nostrand Reinhold Co., New York. 
Nelson, R. W., J. C. Scott-Moncrieff, E. C. Feldman, S. E. DeVries-Concannon, P. H. Kass, 
D. J. Davenport, and C. T. Kiernan.  2000.  Effect of dietary insoluble fiber on 
control of glycemia in cats with naturally acquired diabetes mellitus.  J. Amer. Vet. 
Med. Assoc.  216: 1082-1088. 
Propst, E. L., E. A. Flickinger, L. L. Bauer, N. R. Merchen, and G. C. Fahey, Jr.  2003.  A 
dose-response experiment evaluating the effects of oligofructose and inulin on 
nutrient digestibility, stool quality, and fecal protein catabolites in healthy adult 
dogs.  J. Anim. Sci.  81:3057-3066. 
  
112 
 
SAS. 2004. SAS Online Doc (version 9.1.3 ed.). SAS Inst. Inc., Cary, NC. 
Stark, A. H., and Z. Madar.  1993.  In vitro production of short-chain fatty acids by bacterial 
fermentation of dietary fiber compared with effects of those fibers on hepatic sterol 
synthesis in rats.  J. Nutr.  123: 2166-2173. 
Sunvold, G. D., G. C. Fahey, N. R. Merchen, L. D. Bourquin, E. C. Titgemeyer, L. L. 
Bauer, and G. A. Reinhart.  1995a.  Dietary fiber for cats: In vitro fermentation of 
selected fiber sources by cat fecal inoculum and in vivo utilization of diets 
containing selected fiber sources and their blends.  J. Anim. Sci.  73: 2329-2339. 
Sunvold, G. D., G. C. Fahey, N. R. Merchen, and G. A. Reinhart.  1995b.  In vitro 
fermentation of selected fibrous substrates by dog and cat fecal inoculum: Influence 
of diet composition on substrate organic matter disappearance and short-chain fatty 
acid production.  J. Anim. Sci.  73: 1110-1122. 
Swanson, K. S., C. M. Grieshop, E. A. Flickinger, L. L. Bauer, J. Chow, B. W. Wolf, K. A. 
Garleb, and G. C. Fahey, Jr.  2002.  Fructooligosaccharides and Lactobacillus 
acidophilus modify gut microbial populations, total tract nutrient digestibilities and 
fecal protein catabolites concentrations in healthy adult dogs.  J. Nutr.  132:3721-
3731. 
Verbrugghe, A., M. Hesta,  K. Gommeren, S. Daminet, B. Wuyts, J. Buyse, and G. P. J. 
Janssens.  2009.  Oligofructose and inulin modulate glucose and amino acid 
metabolism through propionate production in normal-weight and obese cats.  Br. J. 
Nutr.  102: 694-702. 
  
113 
 
Vester Boler, B. M., D. C. Hernot, T. W. Boileau, L. L. Bauer, I. S. Middelbos, M. R. 
Murphy, K. S. Swanson, and G. C. Fahey, Jr.  2009.  Carbohydrates blended with 
polydextrose lower gas production and short-chain fatty acid production in an in 
vitro system.  Nutr. Res.  29: 631-639. 
  
  
114 
 
Table 5-1.  Composition of microbiological medium used in the in vitro experiment 
  
Component Amount in medium 
  
 ------------------ mL ------------------ 
Solution A
a
 330.0 
Solution B
b
 330.0 
Distilled water 296.0 
Water-soluble vitamin mix
c
 20.0 
Trace mineral solution
d
 10.0 
Folate:biotin solution
e
 5.0 
Hemin solution
f
 5.0 
Riboflavin solution
g
 5.0 
Resazurin
h
 1.0 
Short-chain fatty acid mix
i
 0.4 
  
 -------------------- g -------------------- 
Yeast extract 0.5 
Trypticase 0.5 
Na2CO3 4.0 
Cysteine HCl·H2O 0.5 
a
Composition (g/L): NaCl, 5.4; KH2PO4, 2.7; CaCl2·H2O, 0.16; MgCl2·6H2O, 0.12; 
MnCl2·4H2O, 0.06; CoCl2·6H2O, 0.06; (NH4)2SO4, 5.4. 
b
Composition: K2HPO4, 2.7 g/L. 
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c
Composition (mg/L): thiamin·HCl, 100; d-pantothenic acid, 100; niacin, 100; 
pyridoxine, 100; p-aminobenzoic acid, 5; vitamin B12, 0.25. 
d
Composition (mg/L): EDTA (disodium salt), 500; FeSO4·7H2O, 200; ZnSO4·7H2O, 
10; MnCl2·4H2O, 3; H3PO4, 30; CoCl2·6H2O, 20; CuCl2·2H2O, 1; NiCl2·6H2O, 2; 
NaMoO4·2H2O, 3. 
e
Composition (mg/L): folic acid, 10; d-biotin, 2; NH4HCO3, 100. 
f
Hemin, 500 mg/L in 10 mmol/L NaOH.  
g
Riboflavin, 10 mg/L in 5 mmol/L of HEPES. 
h
Resazurin, 1 g/L in distilled H2O.  
i
250 µL each of n-valerate, isovalerate, isobutyrate, and DL-α-methyl butyrate. 
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Table 5-2.  Effects of dietary treatment on change in pH and production of gas, SCFA, 
and BCFA + valerate after a 12 hour in vitro fermentation of select substrates with 
feline fecal inoculum from three donors adapted to one of three fiber sources
1
 
      
 Dietary treatment   
Item Cellulose FOS
2
 Pectin SEM
3
 P-level 
      
Change in pH -0.8 -0.8 -0.9 0.0 0.270 
      
Total gas, mL/g DM 45.7
a
 49.7
a 
55.0
b
 2.3 0.033 
Hydrogen gas, mmol/g DM 263.8
a
 947.0
b
 996.4
b
 151.5 0.025 
      
SCFA ------------ mmol/g of DM ------------   
  Acetate 1.17 1.59 1.38 0.18 0.327 
  Propionate 0.92
d
 0.58
c
 0.62
cd
 0.09 0.076 
  Butyrate 0.42 0.58 0.67 0.08 0.176 
  Total SCFA 2.51 2.75 2.67 0.19 0.694 
      
BCFA + valerate
4
 0.21
b
 0.12
a
 0.22
b
 0.03 0.018 
1
Main effect of diet averaged by substrate. 
2
Fructooligosaccharides. 
3
Pooled standard error. 
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4
BCFA = Isobutyrate and isovalerate. 
a-b
Different superscript letters in the same row denote differences (P < 0.05) 
among dietary treatments. 
c-d
Different superscript letters in the same row denote differences (P < 0.10) 
among dietary treatments.  
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Table 5-3.  Effects of substrate on change in pH and gas production, SCFA, and BCFA + 
valerate production after a 12 hour in vitro fermentation of select substrates with 
feline fecal inoculum from three donors adapted to one of three fiber sources
1
 
      
 Substrate   
Item Cellulose FOS
2
 Pectin SEM
3
 P-level 
      
Change in pH 0.0
a
 -1.5
c
 -1.0
b
 0.0 <0.001 
      
Total gas, mL/g DM 0.0
a
 92.3
c
 58.1
b
 2.3 <0.001 
Hydrogen gas, mmol/g DM 0.0
a
 1660.3
c
 546.9
b
 138.6 <0.001 
      
SCFA ------------ mmol/g of DM ------------   
  Acetate 0.07
a
 2.56
c
 1.51
b
 0.14 <0.001 
  Propionate 0.03
a
 1.43
c
 0.66
b
 0.09 <0.001 
  Butyrate 0.02
a
 1.05
c
 0.61
b
 0.07 <0.001 
  Total SCFA 0.12
a
 5.04
c
 2.78
b
 0.15 <0.001 
      
BCFA + valerate
4
 0.02
a
 0.37
c
 0.16
b
 0.03 <0.001 
1
Main effect of substrate averaged by diet.
 
2
Fructooligosaccharides.
 
3
Pooled standard error. 
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4
BCFA = Isobutyrate and isovalerate. 
a-c
Different superscript letters in the same row denote differences (P < 0.05) 
among dietary treatments. 
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Table 5-4.  Change in pH and production of gas, short-chain fatty acids (SCFA), and branched-chain fatty acids (BCFA) after a 12 
hour in vitro fermentation of select substrates with feline fecal inoculum from three donors adapted to one of three fiber 
sources 
                
 Substrate     
 Cellulose  FOS
1
  Pectin    P-level 
Item C
2
 F
3
 P
4
  C F P  C F P  SEM
5
  
Dietary 
trt. × 
substr.
6
 
                
Change in pH 0.0 0.0 0.0  -1.4 -1.6 -1.4  -1.0
e
 -0.9
f
 -1.2
e
  0.1  <0.001 
                
Total gas, mL/g 
  DM 0.0 0.0 0.0  82.6 90.5 103.9  54.6 58.6 61.1  4.0  0.141 
Hydrogen gas, 
  mmol/g DM 0.0 0.0 0.0  604.8
a
 2046.4
b
 2329.6
b
  186.6 794.7 659.5  240.0  0.021 
                
SCFA ------------------------------------------ mmol/g of DM ------------------------------------------     
   Acetate 0.03 0.02 0.15  1.89
a
 3.61
b
 2.17
a
  1.58 1.14 1.81  0.24  0.001 
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Table 5-4. (con’t.)               
                
 Substrate     
 Cellulose  FOS
1
  Pectin    P-level 
Item C
2
 F
3
 P
4
  C F P  C F P  SEM
5
  
Dietary 
trt.
6
 × 
Substr. 
 ------------------------------------------ mmol/g of DM ------------------------------------------     
SCFA (con’t.)                
   Propionate 0.02 0.02 0.05  1.79
d
 1.40
cd
 1.09
c
  0.96 0.31 0.71  0.15  0.060 
   Butyrate 0.00 0.00 0.05  0.86 1.02 1.28  0.41 0.72 0.69  0.12  0.373 
   Total SCFA 0.06 0.04 0.25  4.54
a
 6.04
b
 4.54
a
  2.94 2.17 3.21  0.26  0.001 
                
Total BCFA + 
    valerate
7
 0.00 0.00 0.05  0.48
d
 0.23
c
 0.41
cd
  0.16 0.12 0.21  0.04  0.092 
1
Fructooligosaccharides. 
2
Cellulose.
 
3
Fructooligosaccharides.
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4
Pectin. 
5
Pooled standard error.
 
6
Dietary treatment × substrate interaction. 
7
BCFA = Isobutyrate and isovalerate. 
a-b
Different superscript letters in the same row denote differences (P < 0.05) among dietary treatments for the FOS substrate. 
c-d
Different superscript letters in the same row denote differences (P < 0.10) among dietary treatments for the FOS substrate. 
e-f
Different superscript letters in the same row denote differences (P < 0.05) among dietary treatments for the pectin substrate. 
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CHAPTER 6: PHYLOGENETIC AND GENE-CENTRIC METAGENOMICS OF 
THE FELINE GASTROINTESTINAL MICROBIOME REVEALS 
SIMILARITIES WITH HUMAN AND CANINE GUT METAGENOMES 
 
ABSTRACT:  Four healthy adult cats were used in a crossover design to determine 
phylogeny and metabolic functional capacity of gastrointestinal microbiota of the cat 
using a metagenomic approach.  Healthy adult cats (1.7 y old) were fed diets containing 
4% cellulose, fructooligosaccharides (FOS), or pectin for 30 d, at which time fresh fecal 
samples were collected.  Fecal DNA samples from each cat consuming each diet were 
subjected to 454 pyrosequencing.  Dominant phyla determined using two independent 
databases (MG-RAST and IMG/M) included Firmicutes (mean = 36.3 and 49.8%, 
respectively), Bacteroidetes (mean = 36.1 and 24.1%, respectively), and Proteobacteria 
(mean = 12.4 and 11.1%, respectively).  Actinobacteria gene counts increased (P<0.05) 
consistently across databases for the FOS diet.   Archaea (mean = 1.1 and 0.6%, 
respectively), Eukaryota (mean = 0.4 and 0.9%, respectively), and viruses (0.1 and 0.4%, 
respectively) represented a low percentage of sequences.  Primary functional categories 
as determined by KEGG were associated with carbohydrates, clustering-based 
subsystems, protein metabolism, and amino acids and derivatives.  Primary functional 
categories as determined by COG were associated with amino acid metabolism and 
transport, general function prediction only, carbohydrate transport and metabolism, and 
replication, recombination, and repair.  Analysis of carbohydrate-active enzymes revealed 
modifications in several glycoside hydrolases, glycosyl transferases, and carbohydrate-
binding molecules with FOS and pectin consumption.  Hierarchical clustering of our data 
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and that of other gut metagenomes observed high phylogenetic and metabolic similarity 
among cats and dogs, with humans, mice, and chickens being more distant.  More 
research is needed to investigate the role of the cat’s microbiome in gastrointestinal 
health and disease. 
 
INTRODUCTION 
The domestic cat is an obligate carnivore, yet most commercial cat foods include 
moderate amounts of carbohydrates for optimal kibble manufacture.  Despite no dietary 
requirement, dietary fiber typically is added to commercial cat diets to promote a number 
of health outcomes in the cat, including laxation, help with weight management, 
prevention or modulation of diabetes, and promotion of gastrointestinal health (Bueno et 
al., 2000; Nelson et al., 2000; Verbrugghe et al., 2009).  Few data have been reported 
regarding the impact of fiber on gut health outcomes in the cat.  Short- and branched-
chained fatty acid, phenol, indole, and biogenic amine concentrations, and microbial 
composition are modified by the addition of supplemental fiber to the diet of the cat 
(Hesta et al., 2001; Barry et al., 2010); however, little is known regarding the 
composition of this microbiome as a whole or the impact of supplemental dietary fiber on 
the microbiome.   
In the cat, several techniques have been used in an attempt to determine the 
microbiome of the large intestine.  Plating, fluorescence in situ hybridization (FISH), and 
quantitative PCR all have provided some insight to the constituent members of this 
complex community.  From these analyses, it is known that the cat harbors a large 
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proportion of clostridial species, as well as Lactobacillus spp., Escherichia spp., and, 
occasionally, bifidobacteria (Sparkes et al., 1998; Inness et al., 2007).  These techniques, 
however, do not provide a broad enough scope with which to determine the full 
microbiome that is harbored by the cat.  Next-generation pyrosequencing techniques 
promise a more in-depth view of this community.  Analysis of 16S RNA clones from cats 
demonstrated that the gastrointestinal tract of the cat is largely populated by clostridial 
species (Ritchie et al., 2008).     
While elucidating the microbiome composition of an environment is important to 
understanding host health response, it is not simply the presence of a microbial 
community that is important.  It is possible that the host animal metagenomes, consisting 
of genes produced by the host animal plus those of the microbial communities harbored 
by these hosts, contain 100-fold more genes than believed to be produced by the host 
animal alone (Backhed et al., 2004).  Research into the metagenomes of mice and 
humans has demonstrated the vast array of microbial functions present in the intestinal 
microbiome, including those associated with energy harvest, macronutrient metabolism 
and transport, and the ability to repair and replicate microbial cells (Backhed et al., 2004; 
Turnbaugh et al., 2006; Kurokawa et al., 2007; Qin et al., 2010; Vaishampayan et al., 
2010).  Investigating the metagenome of this community helps researchers understand the 
functionality of these microbiota within the host animal.  The objective of this research 
was to elucidate the fecal microbiome and metagenome of the cat as affected by diets 
varying in supplemental fiber sources, namely cellulose, fructooligosaccharides, or 
pectin, using 454 pyrosequencing techniques. 
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MATERIALS AND METHODS 
All animal care procedures were approved by the University of Illinois 
Institutional Animal Care and Use Committee before initiation of the experiment. 
Animals and Diets 
Four healthy adult castrated male cats (mean age = 1.74 ± 0.01 y old; mean BW = 
6.34 ± 1.11 kg) from a colony raised at the University of Illinois were used in a crossover 
design.  Animals were housed individually under environmentally controlled conditions 
(22
o
C, 16 h light: 8 h dark cycle) at the Edward R. Madigan Laboratory at the University 
of Illinois.  Cats were housed individually in clean stainless steel metabolism crates 
measuring 0.61 m wide × 0.61 m deep × 0.61 m high.  Plastic litter boxes modified to 
separate feces and urine were provided and are described in detail in Barry et al. (2010).  
All animal care procedures were approved by the University of Illinois Institutional 
Animal Care and Use Committee prior to the experiment.   
Experimental diets were formulated to meet all nutritional recommendations for 
adult cats provided by the Association of American Feed Control Officials (AAFCO, 
2010).  Primary ingredients of the diets included poultry byproduct meal, brewer’s rice, 
ground yellow corn, poultry fat, dried egg, and vitamin and mineral premixes.  Diets 
contained 4% supplemental dietary fiber in the form of α-cellulose (Solka Floc, 
International Fiber Corp., North Tonawanda, NY), a blend of oligofructose and inulin 
(FOS; SynergyC, BENEO Group, Tienen, Belgium), or high-methoxy pectin (HM Pectin, 
TIC Gums, White Marsh, MD).  All diets were similar in protein (mean = 34.2%), fat 
(mean = 20.7%), and ash (mean = 8.8%) composition.  Complete dietary ingredient and 
chemical composition are presented in Barry et al. (2010).  Diets were milled at Lortscher 
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Agri Service, Inc. (Bern, KS) and extruded at Kansas State University’s BIVAP facility 
(Manhattan, KS) under the direction of Pet Food and Ingredient Technology, Inc. 
(Topeka, KS). 
Experimental Procedures 
A crossover design with three, 30-d periods was used.  Cats were randomly 
assigned to one of three diets in the first period and received the other diets in the second 
and third periods.  Cats were fed twice daily to meet their individual metabolic energy 
requirements based on the equation of Edstadtler-Pietsch (2003) following NRC (2006) 
recommendations.  At each feeding, orts from the previous feeding were collected and 
weighed.  After a 26-d diet adaptation phase, a fresh fecal sample was collected during a 
4-d collection phase.  Fresh feces were immediately flash-frozen in liquid nitrogen and 
stored at -80ºC until DNA extraction. 
DNA Extraction 
Genomic DNA was extracted and isolated from fecal samples using a 
modification of the method of Yu and Morrison (2004).  Briefly, sterile glass beads (0.2 g 
of 0.5 mm and 0.07 g of 0.1 mm; Biospec Products, Inc., Bartlesville, OK) were added to 
each sample (~200 mg) to facilitate the disruption of feces by vortexing.  The aggressive 
bead-beater steps of the assay were not performed to reduce DNA shearing that may 
affect the nebulization of genomic DNA for random pyrosequencing.  After extraction, 
DNA was quantified using a ND-1000 spectrophotometer (Nanodrop Technologies, 
Wilmington, DE).  Finally, all four samples from each treatment were sequenced 
individually. 
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Pyrosequencing and Bioinformatics 
Samples were subjected to pyrosequencing using a 454 Genome Sequencer using 
FLX titanium reagents (Roche Applied Science, Indianapolis, IN).  Both unassembled 
reads and assembled contigs were analyzed separately.  Sequences derived from 
pyrosequencing were quality trimmed based upon N50 values.   For unassembled 
analyses, the dataset was depleted of sequences < 200 bp.  For assembled analyses, a de 
novo assembly was performed using NGen (DNAstar, Madison, WI) with minimum 
match percentage of 90%, mismatch penalty of 25, match size of 19, gap penalty of 25, 
and no repeat handling.  Contigs from each of the datasets were uploaded to MG-RAST 
(Meyer et al., 2008) and annotated.  Unassembled reads also were loaded into MG-RAST 
and into IMG/M ER (Markowitz et al., 2008).  Comparisons were made between the 
cellulose, FOS, and pectin assembled feline metagenome datasets (MG-RAST accession 
numbers for cellulose: 4449911.3, 4448820.3, 4448815.3, and 4448816.3; FOS: 
4448808.3, 4448813.3, 4448814.3, and 4448817.3; and pectin: 4448807.3, 4448812.3, 
4448818.3, and4448819.3) and contrasts also were evaluated against 5 MG-RAST public 
assembled datasets that included Canine Control feces (K9C 4444164.3; Swanson et al., 
submitted), Canine Beet Pulp feces (K9BP 4444165.3; Swanson et al., submitted), 
Chicken Cecum A contigs (CCA 4440285.3; Qu et al., 2008), Chicken Cecum B contigs 
(CCB 4440286.3; Qu et al., 2008), Lean Mouse Cecum (LMC 4440463.3; Turnbaugh et 
al., 2006), Obese Mouse Cecum (OMC 4440464.3; Turnbaugh et al., 2006), and human 
F1-S feces metagenome (F1S 4440939.3; Kurokawa et al., 2007).  Parameters were 
limited by maximum e-value of 1 × e
-5
, minimum percent identity of 50, minimum 
alignment length of 50, and raw score maximum of 0.3.  Hierarchal clustering was 
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performed using NCSS 2007 (Kaysville, UT).  Distances (difference measurements) 
associated with clusters for the relative percentage data are calculated between rows j and 
k using: 
 ! "
∑ |%&'(|
)
&*+
,
 , where  -. ! " . /  ! 
CAZy Analysis 
A total of 3,238,600 of unassembled, filtered sequences were compared against 
the carbohydrate-active enzyme database (CAZy) (Cantarel et al., 2009). Sequences were 
attributed to protein families in a two round approach: i) an initial BLASTX analysis 
(PMID: 9254694) was performed using the BLOSUM62 substitution matrix against a 
library composed of all prokaryote and unclassified CAZy protein sequences with all 
results having an E-value above 1e
-6
 being filtered out; ii) the remaining sequences were 
subject to a FASTX analysis (PMID: 9403055) against a library exclusively composed of 
catalytic and carbohydrate-binding modules derived from CAZy, all the hits satisfying a 
criteria E-value of 1 e
-6
 being retained.  This approach ensures that only the hits against 
the core functional elements of CAZy proteins are retained, and is an adaptation of the 
analysis regularly performed by our system to analyze GenBank updates or perform the 
analysis of new genomes (Cantarel et al., 2009). Given the high volume of sequences to 
be analyzed, the computation was performed on the grid hosted by the Computing 
Department of the Centre de Physique des Particules de Marseille (CPPM), Marseille, 
France.  
In order to compare the results obtained from the different samples, the number of 
CAZy family hits was adjusted, to that expected by the analysis of a hypothetical set of 
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300K, prior to a distance and clustering analysis.  Distances between the different sets of 
results were obtained using the Bray-Curtis and Chi-Square distance analysis. 
Agglomerative clustering with the Ward method (Ward, 1963) was performed following 
distance analysis. All these were performed using GINKGO (De Caceres et al., 2007). 
The trees corresponding to the distance and clustering analysis were calculated with 
FastME (Desper and Gascuel, 2002) and represented using Dendroscope (Huson et al., 
2007). 
Statistical Analysis 
Data were analyzed by the MIXED procedure (SAS Inst. Inc., Cary, NC).  The 
statistical model included the random effects of animal and period and the fixed effect of 
treatment.  Differences among treatments were determined using least significant 
differences. Differences among treatment level least squares means with a probability of 
P ≤ 0.05 were accepted as statistically significant, and mean differences with 0.05 < P ≤ 
0.10 were accepted as trends. 
 
RESULTS AND DISCUSSION 
 Cats fed commercial diets regularly consume low concentrations of dietary fiber 
and do not rely heavily on fermentation to meet their energy requirements.  However, 
maintaining a stable intestinal microflora is crucial for both gastrointestinal and overall 
health.  Several attempts have been made to describe the colonic microbiome of the cat 
previously using plating (Sparkes et al., 1998), FISH (Inness et al., 2007), quantitative 
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PCR (Barry et al., 2010), and pyrosequencing analyses (Ritche et al., 2008).  However, 
this is the first known attempt to elucidate the metagenome of the cat.   
Pyrosequencing generated a total of 4,192,192 sequences with an average read 
length of 725 bp.  Assembly of the 1,282,677 feline cellulose metagenomic sequences 
resulted in 1,022,173 sequences being assembled into 181,758 contigs with 5,591 contigs 
< 2 kb.  Average contig length was 705 bp, with an average of 5.3 sequences per contig.  
Of the 1,249,104 feline FOS sequences, 1,003,806 sequences were assembled into 
168,330 contigs with 5,853 contigs > 2 kb.  Average contig length was 688 bp, with an 
average of 5.5 sequences per contig.  Assembly of the 1,660,411 feline pectin 
metagenomic sequences resulted in 1,427,289 sequences being assembled into 169,319 
contigs with 7152 contigs < 2 kb.  Average contig length was 782 bp, with an average of 
8 sequences per contig.   
 
Phylogenetic Analysis of Bacteria, Archaea, Eukarya, Fungi, and Viruses 
 For cellulose, 72.5% of the sequences evaluated were matched to the SEED 
protein non-redundant database (using an e-value of 1e
-5
; Overbeek et al., 2005) within 
the program metagenome rapid annotation using subsystem technology (MG-RAST; 
Meyer et al., 2008).  There were 32,750 hits against the non-redundant protein database.  
For the FOS dataset, 71.8% of the sequences matched the SEED protein non-redundant 
database, with 30,274 non-redundant hits.  For the pectin dataset, 73.3% of the sequences 
matched the SEED protein non-redundant database, with 31,035 non-redundant hits.  All 
three metagenomes had a similar microbial profile when viewed at the major taxonomic 
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levels.  As expected, Bacteroidetes/Chlorobi group and Firmicutes were the predominant 
phyla in the feline fecal samples, which represented 36.1 and 36.3% of all sequences, 
respectively.  Proteobacteria (12.4%) and Actinobacteria (7.7%) were the other 
predominant phyla present in these samples.   
Assuming that metagenome sequencing represented a random sample of bacteria 
and that each group was independent of the other, statistics comparing phylum 
proportions among samples demonstrated that cats consuming pectin-supplemented diets 
had a greater percentage of Firmicutes (P = 0.05) and Spirochaetes (P < 0.10) than 
cellulose- or FOS-supplemented diets, and Thermotogae (P < 0.10) and dsDNA viruses 
without a RNA stage (P < 0.10) than cellulose-supplemented diets (Table 6-1).  
Microbiota of cats consuming FOS had a greater percentage of Actinobacteria (P < 0.05), 
and had a lower (P < 0.10) percentage of Fusobacteria, than cats consuming diets 
supplemented with cellulose or pectin.  Broad-range host plasmids were found in a higher 
(P < 0.10) percentage of microbiota from cats consuming the cellulose diet than cats 
consuming the other diets.  However, increased (P < 0.05) Actinobacteria were the only 
difference in microbial populations as reflected by number of sequences. While an 
increased number of sequences could indicate a true change in microbiota, perhaps 
percentage increases are more valuable in pyrosequencing data as these values account 
for differences relative to the total number of sequences generated.  These values also 
provide more information relative to the dataset generated as the number of sequences 
associated with these data are not fully reflective of the estimated trillions of microbiota 
which reside in the gastrointestinal tract. 
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Using the database associated with the integrated microbial genomes system for 
microbial genomes (IMG/M), a metagenome gene count (Table 6-2) was generated.  
Metagenome gene counts reflected a similar pattern in proportions of phyla present in the 
cat fecal samples.  Firmicutes comprised the largest percentage of sequences at 49.8% of 
metagenome gene counts.  Bacteroidetes (24.1%), Proteobacteria (11.1%), and 
Actinobacteria (7.9%) also comprised the main portions of the phyla identified using 
these methods.  These data seem to agree well with the dominant phyla determined by 
MG-RAST. 
Considering the metagenome gene counts, several phyla within the cat’s fecal 
microbiome were affected by diet.  Thermodesulfobacteria decreased (P < 0.10) in the 
cellulose-adapted microbiome compared to the pectin-adapted microbiome.  
Actinobacteria increased (P < 0.05) and Deferribacteres decreased (P < 0.10) as a result 
of microbial adaptation to FOS compared to adaptation to the other diets.  With pectin 
supplementation, Bacteroidetes (P < 0.10), Chlorobi (P < 0.05), Elusimicrobia (P < 0.05), 
Fibrobacteres (P < 0.10), Proteobacteria (P < 0.05), Spirochaetes (P < 0.10), and total 
Bacteria (P < 0.05) increased compared to cellulose or FOS supplementation. 
In both analyses of the fecal microbiome of the cat, Actinobacteria increased both 
in gene counts and as a percentage of gene counts.  Fructooligosaccharides are one of 
three true prebiotic compounds (Roberfroid, 2008).  Research with FOS has 
demonstrated the ability of this compound to increase Bifidobacterium spp. in many 
animal species (Howard et al., 1995; Estrada et al., 2001; Xu et al., 2002, 2003; 
Middelbos et al., 2007).  As Bifidobacterium spp. are members of the phylum 
Actinobacteria, the observed increase in Actinobacteria was anticipated.  Furthermore, 
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the metadata collected with these samples concurs with this observation.  Bifidobacterium 
spp., measured with qPCR, and fecal concentrations of butyrate, a short-chain fatty acid 
associated with the fermentation of FOS, increased in this treatment group as well (Barry 
et al., 2010). 
Similar to results of the present study, Firmicutes were noted as the dominant 
phyla of the gastrointestinal tract of healthy conventionally raised cats (Ritchie et al., 
2008) and pet cats (Handl et al., 2010) using 16S RNA to determine the feline 
microbiome.  There are discrepancies in the order of the other predominant phyla, 
though: the former study observed Proteobacteria and Bacteroidetes to follow Firmicutes, 
whereas the latter study observed Actinobacteria as the next most prominent phyla.  It 
would appear that methodologies used to determine the microbiome or diets consumed by 
the cats might influence the order in which the phyla predominate in the gastrointestinal 
tract.  Regardless of the other phyla present, Firmicutes appear to consistently dominate 
the microbiome.  Clostridia and lactobacilli, members of the phyla Firmicutes, are present 
in the gastrointestinal tract in large numbers (Ritchie et al., 2008).  Increased Clostridium 
perfringens and Lactobacillus spp. were observed using qPCR in pectin-consuming cats 
in the metadata associated with this study (Barry et al., 2010). 
Archaea constituted a minor part of the feline metagenome, representing 
approximately 1% of all sequencing reads using MG-RAST, and no significant effect of 
diet on the distribution of archaea was observed.  Within the metagenomic gene counts, 
however, percentages of Euryarchaeota and total Archaea were observed to increase (P < 
0.05) in the microbiome of cats fed the FOS diet relative to the cellulose and pectin 
(Euryarcheota) diets or pectin (total Archaea) supplemented diets.  In the pectin-
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supplemented microbiome, the percentages of total Archaea decreased (P < 0.05) 
compared to the other diets.  Because archaea comprise a very small percentage (< 1%) 
of the total genes identified, this likely does not impact the overall balance of the 
microbiome. 
The presence of archaea in the gastrointestinal tract of the cat has not been 
reported previously, likely due to the limited knowledge of the microbiome of the cat 
overall, but archaea appear to comprise a similar percentage of gastrointestinal 
microbiota to that of dogs (Swanson et al., submitted).  A consideration that must be 
made with regard to the observation of archaea in this study is the method of detection 
used.  One must bear in mind that these are environmental gene tags and not 16S RNA 
sequences, so it is possible that genes related to archaea have been transferred to other 
microbes in the gastrointestinal tract through lateral or horizontal gene transfer.  
However, two independent databases returned hits against archaeal species, so the cat 
most likely does harbor these species.  It does not appear that these archaea are very 
active in healthy adult cats, though, because no production of methane was observed in a 
recent in vitro analysis using the same four cats in the present study (Barry, unpublished 
data).   
Eukaryotic sequences comprised a small percentage of the overall fecal 
microbiome of the cats sequenced.  Within the sequences analyzed using MG-RAST, 
0.35% of sequences were identified as eukaryotes.  The largest proportion of these 
sequences (0.31%) were determined to be members of the Fungi/Metazoa group.  Within 
the sequences analyzed using IMG/M, eukaryotes comprised 0.86% of the metagenomic 
gene count.  The dominant phyla were Apicomplexa (0.21%), Ascomycota (0.25%), and 
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Chordata (0.17%).  Ascomycota have been observed previously in the feces of cats 
(Handl et al., 2010). 
Plasmids and viruses were observed in very low concentrations in the cat fecal 
microbiome.  Combined with the broad-range host plasmids, total plasmids comprised 
0.01% of total sequences in data generated using MG-RAST.  Plasmids comprised 0.23% 
of metagenome gene counts in data generated using IMG/M.  Viruses were identified as 
0.24% of sequences from MG-RAST and 0.43% of metagenome gene counts from 
IMG/M. 
Plasmids serve to transfer genes or other mobile genetic elements between 
microbiota (Jones and Marchesi, 2007).  They have been associated with the transfer of 
antibiotic resistance (Scott et al., 2000; Kazimierczak et al., 2006), but also may transfer 
genes necessary for survival in the gastrointestinal tract (Jones et al., 2010).  Plasmids 
have been observed in human, mouse, and soil microbiomes (Kurokawa et al., 2007; 
Turnbaugh et al., 2006).  Viruses infect microbiota, causing injury and, eventually, death 
to the cell.  dsDNA phages can degrade the peptidoglycan layer of bacterial cell walls to 
transfect microbial cells (Heidelberg et al., 2009).  While plasmids were not detected in 
canine fecal samples (Swanson et al., submitted), the concentrations of viral sequences 
were similar to those detected in the present study. 
Feline fecal samples from the current study were compared to each other in a 
double-dendrogram format (Figure 6-1).  With this dataset, cats do not appear to cluster 
according to individual or diet.  This indicates that both animal-animal and within-
individual sample variation is high, despite using cats that were genetically similar (half-
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siblings) and maintaining as similar of a living environment as possible.  It appears that 
4% supplemental fiber did not result in a dramatic enough shift in the gastrointestinal 
microbiota to cause clustering to occur by diet.  This is a beneficial property of the fecal 
microbiome not only of the cat but also of other species as well (Ley et al., 2008; 
Turnbaugh et al., 2009), as it remains reasonably stable regardless of the dietary stressors 
that the cat may place on it.  As the gastrointestinal microbiome is complex and diverse, 
it would be unreasonable to expect large changes in composition (i.e., loss of dominant 
phyla) based on a relatively small change in dietary habits.  However, it might be 
reasonable to anticipate clustering of microbiomes by diet when all cats consumed the 
same diet.  It is possible that changes in the rare biosphere were occurring with adaptation 
to diet by the cat, but that these changes are too minor to be viewed with the number of 
sequences generated.  Figure 6-2 shows clustering of the cats using the results generated 
by IMG/M.  Like the phylogenetic tree generated using the results generated by MG-
RAST, no clustering by cat or by diet was noted. 
Results of this study were compared to datasets within MG-RAST that had similar 
data characteristics, including sequence number, longest sequence, and average sequence 
length (Table 6-3).  Paired data from studies were chosen such as from dogs fed diets 
with (K9BP) and without (K9C) supplemental dietary fiber (Swanson et al., submitted), 
lean (LMC) and obese (OMC) mouse cecal metagenomes (Turnbaugh et al., 2006), and a 
human fecal metagenomes (F1S).  F1S was considered to be a healthy human fecal 
metagenome (Kurokawa et al., 2007).  Two chicken cecal metagenomes (CCA and CCB) 
also were included (Qu et al., 2008).  Results were evaluated at the phylogenetic level 
(Figure 6-3).  Within the phylogenetic comparison based upon a double hierarchical 
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dendogram, the feline samples clustered most closely with the canine metagenome.  The 
cecal metagenomes for both chicken samples and both mouse samples clustered with the 
healthy human sample.  This was unusual and unexpected, as phylogeny within a species 
is anticipated to be more similar to another member of the same species than to a member 
of a different species. 
The results of such comparisons have assumptions based upon the methods and 
version of the database utilized for generating the data and parameters used to assemble 
the data.  Several different methods of DNA extraction were utilized in producing these 
samples including modified repeated bead-beating paired with Qiagen stool kits and 
phenol-chloroform extractions.  These methods can bias the microbiota sequenced, 
inadvertently selecting for some phyla (e.g., Firmicutes), thus creating the appearance of 
a dominant phyla that may not be truly dominant (J. Suchodolski, personal 
communication).  However, until there is a standard methodology set across all species 
and researchers, this will continue to be problematic and must be acknowledged.   
 
Metagenomics-based Metabolic Profiles 
To our knowledge, this experiment was the first to use pyrosequencing and a 
metagenomics approach to characterize the metabolic capacity of feline gut microbiota 
and test the effects of supplemental dietary fiber.  Approximately half (49.1% for 
cellulose; 48.7% for FOS; and 50.6% for pectin) of all sequences in this dataset were 
classified metabolically and are summarized in Table 6-4 (KEGG from MG-RAST) and 
Table 6-5 (COG from IMG/M).  Although phylogenetic changes were noted, the 
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inclusion of 4% of any of the supplemental fiber sources did not greatly alter gene 
sequence number of any KEGG categories.  The most represented functional categories 
included carbohydrates (14.6%); clustering-based subsystems (14.2%); protein 
metabolism (8.2%); amino acids and derivatives (8.0%); cell wall and capsule (7.2%); 
DNA metabolism (6.8%); virulence (6.0%); and cofactors, vitamins, prosthetic groups 
and pigments  (5.5%).  Carbohydrate metabolism and metabolism of aromatic 
compounds decreased (P < 0.10) in the cellulose-supplemented treatment compared to 
the other treatments.  Amino acid metabolism increased (P < 0.05) compared with the 
pectin-supplemented diet, and clustering-based subsystems decreased (P < 0.10) 
compared with the other diets, as a percent of sequences in the FOS-supplemented 
treatment.  When supplemented with pectin, nitrogen metabolism increased (P < 0.05) as 
a percent of sequences compared with the other diets. 
Within the COG data, only one functional category was affected by treatment.  
The number of hits for chromatin structure and dynamics was increased (P < 0.05) in the 
FOS-supplemented diet compared to the other diets.  The major functions represented 
when investigating metagenome function using COG were amino acid transport and 
metabolism (10.5%); general function prediction only (9.7%); carbohydrate transport and 
metabolism (9.1%); replication, recombination, and repair (8.8%); translation, ribosomal 
structure, and biogenesis (8.5%); cell wall/membrane/envelope biogenesis (6.6%); 
transcription (6.2%); energy production and conversion (5.7%); and inorganic ion 
transport and metabolism (4.9%). When supplemented with FOS, the percentage of 
sequences related to transcription increased (P < 0.10), while the percentage of sequences 
related to coenzyme transport and metabolism and those related to general function 
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predictions only decreased (P < 0.05) compared with the other diets.  The COG data 
appear to support the data observed when using KEGG pathways to determine 
metagenome function within the gastrointestinal tract of the cat in that many of the major 
categories overlap.   
Not surprisingly, most of the functions that dominate the gastrointestinal 
metagenome relate to microbial metabolism.  Amino acid and carbohydrate metabolism 
and transport are required to bring nutrients and energy sources into the microbial cell.  
Regarding amino acid metabolism, several pathways were more prevalent, regardless of 
dietary treatment of the cat.  The pathway for metabolism of lysine, threonine, 
methionine, and cysteine as well as for aromatic amino acids and their derivatives were 
highly prevalent in this dataset.  These pathways likely would increase with an increase 
in microbial mass (amino acids are necessary for replicating cells), and may be the result 
of amino acids that escaped digestion and absorption in the upper gastrointestinal tract.  
The cat consumes a diet high in crude protein because it has a high requirement for the 
nutrient.  The majority of amino acids making up these proteins are readily digestible, but 
some may enter the colon due to processing (maillard browning during kibble 
manufacture) or presence of connective tissue (proline and hydroxyproline), which 
decrease digestibility.  Furthermore, the pathways for arginine, the urea cycle, and 
polyamines were highly prevalent across dietary treatments.  Increases in several 
polyamines were observed in the feces of cats consuming the FOS and pectin diets, 
including tryptamine, putrescine, cadaverine, and spermidine (Barry et al., 2010).  The 
prevalence of amino acid metabolism-related genes in the present study was similar to 
that observed in the human gut metagenome (Turnbaugh et al., 2009; Qin et al., 2010; 
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Vaishampayan et al., 2010), but slightly higher than what has been observed in the dog 
gastrointestinal metagenome (Swanson et al., submitted). 
Pathways related to monosaccharides, disaccharides, and oligosaccharides were 
prevalent across dietary treatments in the feline fecal metagenome.  This is not surprising, 
as the dietary treatments all contained 4% supplemental fibers of varying fermentability 
and solubility.  The data from the CAZy analysis (discussed below) would appear to 
support this observation, as several CAZymes responsible for degrading carbohydrates of 
longer chain length were more prevalent across the three dietary treatments.  Metabolism 
of mono- and disaccharides would be expected to increase as more smaller carbohydrates 
are generated as microbial enzymes hydrolyzed the carbohydrates present in the intestinal 
tract. This response was observed as central carbohydrate metabolism was greater across 
diets as well.  The prevalence of genes associated with carbohydrate metabolism in the 
present study was similar to that observed in the human and dog gut metagenomes 
(Turnbaugh et al., 2009; Qin et al., 2010; Vaishampayan et al., 2010; Swanson et al., 
submitted). 
In addition to metabolism, some functional categories also relate to the ability of 
the microbiota to survive in the gastrointestinal tract.  Replication, recombination, and 
repair represent a major functional category necessary to adapt to and survive in any 
environment.  Recombination of genes or incorporation of new genes may help to 
stabilize the metabolism of any given microbiota.  Microbes must be able to first 
colonize, then replicate to thrive in the gastrointestinal tract.  Replication, recombination, 
and repair appears to occur at the same level across species, as the results of the present 
study are similar to those observed for human and dog gastrointestinal metagenomes 
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(Turnbaugh et al., 2009; Qin et al., 2010; Vaishampayan et al., 2010; Swanson et al., 
submitted). 
Metabolic functions also were investigated using double dendrograms, and are 
presented for individual cats in the current study (Figure 6-4) and for cats grouped by diet 
along with the other species (e.g., dog, mouse, chicken, and human) delineated in Table 
6-3 (Figure 6-5).  Similar to the phylogenetic double dendrograms, variation among cats 
and/or lack of difference among diets limited the ability to cluster metagenomes by cat or 
diet.    When comparing the cats to the other species, the cats clustered together, followed 
by the dogs, human, mouse, and, finally, the chicken.  Despite clustering differences, the 
10 samples across host species appear to have very similar metagenomes overall.  All 
sampled metagenomes have a high prevalence of pathways for carbohydrate metabolism, 
protein metabolism, and amino acid metabolism and low prevalence for pathways for 
secondary metabolism, macromolecular synthesis, and prophage. 
 
Carbohydrate Enzyme-based Metabolic Profiles 
 The carbohydrate-active enzyme (CAZy) database is used to determine the genes 
present in an environment capable of catabolizing carbohydrates (Cantarel et al., 2009).  
Glycoside hydrolases (GH) cleave glycosyl linkages to generate smaller carbohydrate 
chains and/or monomers (Henrissat, 1991), while glycosyl transferases “catalyse the 
transfer of sugar moieties from activated donor molecules to specific acceptor molecules, 
forming glycosidic bonds” (Campbell et al., 1997).  Polysaccharide lyases catalyze 
polysaccharides that contain uronic acids (Cantarel et al., 2009), and carbohydrate 
esterases “remove ester-based modifications present in mono-, oligo- and polysaccharides 
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and thereby facilitate the action of GHs on complex polysaccharides” (Cantarel et al., 
2009).  Carbohydrate-binding molecules are responsible for recognizing polysaccharides 
within the gastrointestinal chyme (Boraston et al., 2004). 
 Results of the CAZy analyses are presented in Tables 6-6 (GH), 6-7 (GT), 6-8 (PL 
and CE), and 6-9 (CBM and dockerin).  When cats were adapted to a diet containing FOS 
or pectin, GH112 and CBM48 increased (P < 0.05) compared to the cellulose-containing 
diets.  Glycoside hydrolase 112 is a phosphorylase, and CBM48 often is appended to 
GH13 molecules and can be found on the glycogen-binding beta subunit of AMP-
activated protein kinases.  Should glycogen become phosphorylated by cyclic AMP, it is 
converted to glucose in order to create energy for the cells that may be energy-deprived 
due to the addition of cellulose to the diet.  Microbiota adapted to FOS or pectin appear to 
be able to generate enough energy from fermentation, and so this pathway appears to 
function at a much lower rate than in microbiota adapted to the cellulose-containing diet.  
Glycoside hydrolase 38 and CBM23 increased (P < 0.05) when fecal microbes were 
adapted to FOS compared to adaptation to cellulose.  GT66 increased (P < 0.05) when 
fecal microbes were adapted to FOS compared to adaptation to pectin.  Glycoside 
hydrolase 38 is a mannanase, GT66 is a β-oligotransferase, and CBM23 has been shown 
to bind mannans. The oligotransferase function is most likely up-regulated because of the 
dietary FOS in this treatment group.  This action may provide enough energy in the form 
of fructose and glucose for the microbial cells, hence increasing the activity of CBM48 to 
decrease the release of glycogen.  While up-regulation of mannanases is not entirely 
obvious or intuitive, a small amount of brewer’s yeast was added to the diets as a palatant 
and, thus, may have acted synergistically with the microbiota associated with the FOS 
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treatment.  Pectin-adapted microbes increased (P < 0.05) GH8, GH53, GT9, GT51, 
GT83, CBM6, and CBM20 compared to microbes adapted to cellulose or FOS. 
Glycoside hydrolase 8 is a chitosanase and cellulase, GH53 is an endo-galactanase, GT52 
is a murein polymerase, CBM 6 has been shown to bind cellulose and β-1,3- and β-1,4-
glucans, CBM20 binds starches, and GT9 is an N-acetylglucosaminyltransferase.  As 
pectin is a highly viscous molecule, it likely bound starch from the dietary matrix (in the 
form of brewer’s rice) as the intestinal chyme traveled the length of the small intestine, 
thus bringing undigested starch to the colon.  Why higher prevalences of CAZymes 
related to cellulose and chitin occurred in this treatment is unknown.  All cats exhibited a 
high prevalence of GH2 and GH3.  Glycoside hydrolase 2 is a β-galactosidase, 
glucuronidase, and mannosidase while GH3 is a β-glucosidase and xylosidase.  All diets 
contained brewer’s rice as a carbohydrate source, which may have been modified during 
the extrusion process and escaped upper gastrointestinal digestion and absorption due to 
these modifications, as well as brewer’s yeast, which is high in mannans. 
 Similar to what was observed for the microbiome and functional gene data, a 
double dendrogram comparing the 12 cats failed to cluster the cats based on diet or 
individual (Figure 6-6).  This concept is extended in Figures 6-7 and 6-8 that used simple 
distances alone or with the Ward method of Ginkgo, respectively, to delineate clusters of 
metagenome data based on cat and diet.     
 
In conclusion, this is the first metagenomic dataset, including phylogeny and 
functional capacity, of the feline gastrointestinal microbiome.  While several percentages 
of microbial and functional gene sequences appeared to be changed with respect to 
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adaptation to dietary fiber, it seems that overall gene counts and, thus, the microbiome 
itself, is not heavily modified by differing fiber sources added at 4% of the diet of cats.  
Functional metagenomics also appears to be largely unaffected by different dietary fibers, 
indicating that microbial function is highly conserved in the gastrointestinal tract.  Cat-cat 
variation appeared to greatly impact the results of this study, and may be lessened with 
the use of a larger population of cats.  This dataset provides much information regarding 
the microbiome of the healthy feline laboratory cat, and may be a useful tool to 
investigate changes to the microbiome and metagenome of clinically diseased cats.  As 
such, this dataset provides baseline microbiome and metagenome values with which to 
base future investigations into the gastrointestinal microbiome of the cat.   
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Table 6-1.  Fecal microbial communities of cats fed diets containing 4% cellulose, fructooligosaccharides, or pectin as determined by 
metagenomics rapid analysis server technique (MG-RAST) conducted by 454 pyrosequencing using Titanium reagents 
         
 Diet   Diet  
Item Cellulose FOS Pectin SEM Cellulose FOS Pectin SEM 
         
 --------- Number of sequences---------  -------------------- % --------------------  
Archaea         
  Crenarchaeota 25 30 36 5 0.08 0.10 0.08 0.01 
  Euryarchaeota 387 388 396 31 1.24 1.29 1.27 0.08 
  Korarchaeota 7 6 7 2 0.02 0.01 0.02 0.00 
  Nanoarchaeota 0 0 0 0 0.00 0.00 0.00 0.00 
  Total 420 424 428 35 1.34 1.41 1.38 0.08 
         
Bacteria         
  Actinobacteria 1794
a
 3249
b
 1585
a
 409 6.98
c
 11.09
d
 4.89
c
 2.04 
  Aquificae 17 15 17 2 0.05 0.05 0.05 0.01 
  Bacteroidetes/ Chlorobi 
    group 13196 11265 10120 2332 39.69 36.64 31.83 3.83 
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Table 6-1. (con’t)         
 Diet  Diet  
Item Cellulose FOS Pectin SEM  Cellulose FOS Pectin SEM 
         
 --------- Number of sequences---------  -------------------- % --------------------  
Bacteria (con’t.)         
  Chlamydiae/ Verruco- 
    microbia group 90 79 93 9 0.29 0.26 0.30 0.02 
  Chloroflexi 165 156 177 9 0.55 0.52 0.57 0.05 
  Cyanobacteria 175 175 197 15 0.57 0.58 0.63 0.04 
  Deinococcus-Thermus 33 38 36 5 0.11 0.12 0.12 0.02 
  Environmental sample 2 1 1 1 0.01 0.00 0.00 0.00 
  Fibrobacteres/ 
    Acidobacteria group 66 67 65 6 0.21 0.22 0.21 0.02 
  Firmicutes 10644 10327 13044 1258 33.61
c
 33.68
c
 41.65
d
 1.71 
  Fusobacteria 571 274 424 118 1.63
f
 0.89
e
 1.35
f
 0.20 
  Planctomycetes 40 45 43 6 0.12 0.15 0.14 0.01 
  Proteobacteria 4125 3411 4167 703 12.50 11.32 13.29 1.55 
  Spirochaetes 169 163 190 24 0.53
e
 0.53
e
 0.61
f
 0.03 
  Synergistetes 346 336 424 41 1.11 1.10 1.35 0.08 
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Table 6-1. (con’t)         
 Diet  Diet  
Item Cellulose FOS Pectin SEM  Cellulose FOS Pectin SEM 
         
 --------- Number of sequences---------  -------------------- % --------------------  
Bacteria (con’t.)         
  Thermotogae 162 163 185 15 0.51
e
 0.54
ef
 0.60
f
 0.03 
  Unclassified bacteria 26 28 25 4 0.08 0.09 0.08 0.01 
  Total 31774 29780 30646 3701 97.98 98.04 98.07 0.07 
         
Broad-range 
  host plasmids 2 1 0 1 0.01
f
 0.00
e
 0.00
e
 0.00 
         
Eukaryota         
  Alveolata 3 1 3 1 0.01 0.00 0.01 0.00 
  Cryptophyta 0 0 0 0 0.00 0.00 0.00 0.00 
  Euglenozoa 0 0 0 0 0.00 0.00 0.00 0.00 
  Fungi/Metazoa 
    group 154 79 80 42 0.42 0.26 0.26 0.08 
  Rhodophyta 1 0 0 0 0.00 0.00 0.00 0.00 
  
156 
 
Table 6-1. (con’t)         
 Diet  Diet  
Item Cellulose FOS Pectin SEM  Cellulose FOS Pectin SEM 
         
 --------- Number of sequences---------  -------------------- % --------------------  
Eukaryota (con’t.)         
  Stramenopiles 0 0 0 0 0.00 0.00 0.00 0.00 
  Viridiplantae 8 10 8 2 0.03 0.03 0.02 0.01 
  Total 164 91 92 42 0.46 0.30 0.30 0.08 
         
Plasmids 1 2 4 2 0.00 0.01 0.01 0.01 
         
Viruses         
  Bacteriophages 3 3 2 1 0.01 0.01 0.01 0.00 
  dsDNA viruses, 
    no RNA stage 68 68 76 10 0.21
e
 0.22
ef
 0.24
f
 0.02 
  Retro- 
    transcribing 
    viruses 2 0 0 1 0.00 0.00 0.00 0.00 
  ssDNA viruses 2 2 1 1 0.01 0.01 0.00 0.00 
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Table 6-1. (con’t)         
 Diet  Diet  
Item Cellulose FOS Pectin SEM  Cellulose FOS Pectin SEM 
         
 --------- Number of sequences---------  -------------------- % --------------------  
Viruses (con’t.)         
  ssRNA-positive 
    strand viruses, 
    no DNA stage 0 0 0 0 0.00 0.00 0.00 0.00 
  Total 75 73 79 11 0.23 0.24 0.26 0.02 
         
TOTAL 32430 30372 31250 3772 100.00 100.00 100.00 - 
a-b
Different superscript letters in the same row denote differences (P < 0.05) among treatments for number of sequences. 
c-d
Different superscript letters in the same row denote differences (P < 0.05) among treatments for percentage of sequences. 
e-f
Different superscript letters in the same row denote differences (P < 0.10) among treatments for percentage of sequences. 
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Table 6-2.  Fecal microbial communities of cats fed diets containing 4% cellulose, fructooligosaccharides, or pectin as determined by 
integrated microbial genomes (IMG/M) systems conducted by 454 pyrosequencing using Titanium reagents  
          
 Diet   Diet  
Item Cellulose FOS Pectin SEM  Cellulose FOS Pectin SEM 
 ------ Metagenome gene count -----   ----------------- % -----------------  
Archaea          
  Crenarchaeota 21 23 19 3  0.05 0.06 0.04 0.01 
  Euryarchaeota 205 253 248 29  0.57
e
 0.63
f
 0.51
e
 0.02 
  Koryarchaeota 1
c
 5
d
 4
cd
 1  0.0
h
 0.01
i
 0.01
hi
 0.00 
  Nanoarchaeota 0 0 1 0  0.00 0.00 0.00 0.00 
  Thaumarchaeota 3 3 1 1  0.01 0.01 0.00 0.00 
  Total 231 285 273 32  0.63
f
 0.72
g
 0.56
e
 0.02 
          
Bacteria          
  Acidobacteria 24 28 26 3  0.06
h
 0.07
i
 0.05
h
 0.01 
  Actinobacteria 2528
a
 4962
b
 1834
a
 477  6.96
e
 13.04
f
 3.61
e
 1.53 
  Aquificae 39 44 45 5  0.11 0.11 0.09 0.01 
  Bacteroidetes 9620
c
 7286
c
 12942
d
 1120  25.70 18.86 27.77 2.63 
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Table 6-2. (con’t.)         
 Diet   Diet  
Item Cellulose FOS Pectin SEM  Cellulose FOS Pectin SEM 
 ------ Metagenome gene count -----   ----------------- % -----------------  
Bacteria (con’t.)         
  Chlamydiae 3 4 4 1  0.01 0.01 0.01 0.00 
  Chlorobi 91
a
 84
a
 135
b
 14  0.25
f
 0.21
e
 0.28
f
 0.01 
  Chloroflexi 98 107 127 15  0.27 0.27 0.26 0.01 
  Cyanobacteria 169 186 211 33  0.47 0.46 0.43 0.04 
  Deferribacteres 22
b
 14
a
 31
c
 5  0.06
i
 0.04
h
 0.06
i
 0.01 
  Dictyoglomi 26 25 31 5  0.07 0.06 0.07 0.01 
  Elusimicrobia 11
a
 13
a
 19
b
 3  0.03 0.03 0.04 0.00 
  Fibrobacteres 40
c
 38
c
 64
d
 7  0.11 0.10 0.14 0.01 
  Firmicutes 17539 21027 23631 2834  47.84 52.29 49.26 2.72 
  Fusobacteria 809 517 718 190  2.08 1.28 1.48 0.32 
  Gemmatimonadetes 4 7 5 1  0.01
hi
 0.02
i
 0.01
h
 0.00 
  Lentisphaerae 33 34 29 5  0.09
i
 0.09
i
 0.06
h
 0.01 
  Nitrospirae 8 9 6 1  0.02 0.02 0.01 0.00 
  Planctomycetes 45 54 53 9  0.12 0.13 0.11 0.01 
  Proteobacteria 4091
a
 3674
a
 6461
b
 1550  11.35 9.29 12.70 2.51 
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Table 6-2. (con’t.)         
 Diet   Diet  
Item Cellulose FOS Pectin SEM  Cellulose FOS Pectin SEM 
 ------ Metagenome gene count -----   ----------------- % -----------------  
Bacteria (con’t.)         
  Spirochaetes 166
c
 171
c
 212
d
 28  0.45 0.43 0.43 0.02 
  Synergistetes 104 126 130 15  0.28 0.32 0.27 0.02 
  TM7 2 2 4 1  0.01 0.01 0.01 0.00 
  Tenericutes 138 131 159 27  0.37 0.32 0.32 0.03 
  Thermi 44 60 60 6  0.12 0.15 0.13 0.01 
  Thermodesulfobacteria 5
c
 8
d
 9
d
 2  0.01 0.02 0.02 0.01 
  Thermotogae 101
c
 99
c
 141
d
 19  0.28 0.25 0.28 0.02 
  Verrucomicrobia 68 59 87 11  0.18 0.15 0.18 0.01 
  WWE1 5 5 7 1  0.01 0.01 0.01 0.00 
  Total 35338
a
 38878
a
 47572
b
 4822  97.62 97.81 98.07 0.21 
          
Eukaryota          
  Unclassified eukaryota 44 55 60 11  0.12 0.13 0.12 0.01 
  Apicomplexa 147 53 55 46  0.36 0.14 0.12 0.10 
  Arthropoda 10 11 10 2  0.02 0.03 0.02 0.00 
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Table 6-2. (con’t.)         
 Diet   Diet  
Item Cellulose FOS Pectin SEM  Cellulose FOS Pectin SEM 
 ------ Metagenome gene count -----   ----------------- % -----------------  
Eukaryota (con’t.)          
  Ascomycota 90 103 113 11  0.25 0.26 0.23 0.01 
  Basidiomycota 18 20 19 3  0.05 0.05 0.04 0.01 
  Chlorophyta 2 2 4 1  0.01 0.00 0.01 0.00 
  Chordata 106 52 52 31  0.26 0.14 0.11 0.07 
  Microsporidia 5 7 7 2  0.01 0.02 0.01 0.00 
  Nematoda 8 5 10 2  0.02 0.01 0.02 0.00 
  Streptophyta 5 5 6 1  0.01 0.01 0.01 0.00 
  Total 423 317 339 95  1.11 0.79 0.69 0.17 
          
Plasmids          
  Actinobacteria 8 7 5 2  0.02 0.02 0.01 0.00 
  Bacteroidetes 3
c
 3
c
 5
d
 1  0.01 0.01 0.01 0.00 
  Firmicutes 28 41 36 7  0.07 0.10 0.08 0.01 
  Nitrospirae 1 1 3 1  0.00 0.00 0.01 0.00 
  Proteobacteria 41 39 60 18  0.11 0.10 0.12 0.03 
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Table 6-2. (con’t.)         
 Diet   Diet  
Item Cellulose FOS Pectin SEM  Cellulose FOS Pectin SEM 
 ------ Metagenome gene count -----   ----------------- % -----------------  
Plasmids (con’t.)          
  Spirochaetes 1
a
 0
a
 3
b
 1  0.00
e
 0.00
e
 0.01
f
 0.00 
  Tenericutes 1 1 1 1  0.00 0.00 0.00 0.00 
  Unclassified bacteria 2
a
 3
b
 3
b
 1  0.00
e
 0.01
f
 0.01
f
 0.00 
  Total 83
c
 96
cd
 116
d
 22  0.23 0.24 0.23 0.03 
          
Viruses          
  Retro-transcribing viruses 3 1 1 1  0.01 0.00 0.00 0.00 
  dsDNA viruses, no RNA stage 138 155 193 45  0.37 0.38 0.40 0.08 
  dsRNA 1 0 0 0  0.00 0.00 0.00 0.00 
  ssDNA 10 20 20 11  0.03 0.06 0.05 0.03 
  ssRNA positive-strand viruses, no 
    DNA stage 0 0 1 0  0.00 0.00 0.00 0.00 
  Total 151 175 214 45  0.41 0.44 0.44 0.08 
          
TOTAL 36205
a
 39757
a
 48530
b
 4968  100.00 100.00 100.00 - 
a-b
Different superscript letters in the same row denote differences (P < 0.05) among treatments for metagenome gene count. 
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c-d
Different superscript letters in the same row denote differences (P < 0.10) among treatments for metagenome gene count. 
e-f
Different superscript letters in the same row denote differences (P < 0.05) among treatments for percentage of metagenome gene 
count. 
g-h
Different superscript letters in the same row denote differences (P < 0.10) among treatments for percentage of metagenome gene 
count.  
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Table 6-3.  Overview of the MG-RAST metagenomes chosen for comparison 
Metagenome 
(MG-RAST accession) Species 
Matches 
(#) 
Number of 
SEED 
categories 
Sequence 
number 
Total size 
(Mb) 
Shortest 
(bp) 
Longest 
(bp) 
Average 
(bp) 
Ju-1-Pec (Cat 1; 4448807.3)
1
 Feline 23412 761 44834 33.4 31 31606 745.15 
Ju-2-FOS (Cat 2; 4448813.3) Feline 16075 716 33646 24.1 31 28439 715.59 
As-1-Pec (Cat 3; 4448812.3) Feline 22055 738 44796 33.4 32 39367 745.09 
So-1-FOS (Cat 4; 4448808.3) Feline 19718 746 40550 24.7 31 10772 608.90 
MB-1-Cel (Cat 5; 4448811.3) Feline 12714 669 26285 18.9 33 22469 719.69 
As-3-Cel (Cat 6 ; 4448820.3) Feline 29115 773 59659 42.6 191 41428 714.09 
As-2-FOS (Cat 7; 4448814.3) Feline 23905 762 46376 35.0 31 18748 755.29 
Ju-3-Cel (Cat 8; 4448815.3) Feline 26305 763 52683 38.0 31 24832 721.90 
MB-3-FOS (Cat 9; 4448817.3) Feline 22417 774 47758 31.2 31 16253 652.86 
So-2-Cel (Cat 10; 4448816.3) Feline 20170 757 41081 27.1 34 12078 660.46 
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Table 6-3. (con’t.)         
Metagenome 
(MG-RAST accession) Species 
Matches 
(#) 
Number of 
SEED 
categories 
Sequence 
number 
Total size 
(Mb) 
Shortest 
(bp) 
Longest 
(bp) 
Average 
(bp) 
MB-2-Pec (Cat 11; 4448818.3) Feline 21170 750 41642 32.9 35 66070 790.23 
So-3-Pec (Cat 12; 4448819.3) Feline 19113 734 38047 31.1 32 79232 816.18 
K9C (4444164.3) Canine 34000 823 66969 53.2 44 36188 794 
K9BP (4444165.3) Canine 25536 812 67761 43.6 41 14401 642 
LMC (4440463.3) Murine 5233 422 10845 8.4 77 1307 781.8 
OMC (4440464.3) Murine 5129 434 11857 9.1 112 1187 764.7 
CCA (4440285.3) Avian 4539 305 27476 3.3 77 2739 123.12 
CCB (4440286.3) Avian 2350 311 22821 2.5 74 614 109 
F1S (4440939.3) Human 18030 510 28900 38.0 92 16490 1315 
1
Cat samples named with the following system: Name-Period-diet, where name and diet are abbreviated.  Names: Ju, Julio; As, 
Ash; MB, Momma’s Boy; So, Soot.  Diets: Cel, cellulose; FOS, fructooligosaccharides; Pec, pectin. 
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Table 6-4.  Metabolic function of fecal microbial communities of cats fed diets containing 4% cellulose, fructooligosaccharides, or 
pectin as determined by KEGG using MG-RAST  
         
 Diet   Diet  
Item Cellulose FOS Pectin SEM  Cellulose FOS Pectin SEM 
         
 ------- Number of sequences-------   ------------------- % -------------------  
Amino acids & derivatives 1713 1680 1689 160 7.95
ab
 8.21
b
 7.82
a
 0.24 
Carbohydrates 3141 3058 3107 327 14.45
c
 14.89
d
 14.39
c
 0.26 
Cell division & cell cycle 470 441 457 60 2.14 2.13 2.12 0.06 
Cell wall & capsule 1623 1461 1512 211 7.46 7.04 6.95 0.26 
Clustering- based subsystems 3124 2855 3116 345 14.32
d
 13.88
c
 14.43
d
 0.14 
Cofactors, vitamins, prosthetic 
  groups, & pigments 1229 1114 1164 134 5.58 5.41 5.43 0.09 
DNA metabolism 1488 1402 1473 175 6.82 6.78 6.83 0.13 
Dormancy & sporulation 2 2 1 1 0.01 0.01 0.01 0.00 
Fatty acids & lipids 220 199 215 28 0.99 0.96 1.00 0.03 
Macromolecular synthesis 7 5 7 2 0.03 0.03 0.03 0.01 
Membrane transport 601 598 621 54 2.70 2.92 2.89 0.10 
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Table 6-4. (con’t.)        
 Diet   Diet  
Item Cellulose FOS Pectin SEM  Cellulose FOS Pectin SEM 
         
 ------- Number of sequences-------   ------------------- % -------------------  
Metabolism of aromatic 
  compounds 71 77 86 8 0.33
c
 0.38
d
 0.39
d
 0.02 
Miscellaneous 249 238 313 45 1.14 1.16 1.44 0.14 
Motility & chemotaxis 219 210 180 37 0.96 1.01 0.84 0.09 
Nitrogen metabolism 59 57 78 7 0.27
c
 0.28
c
 0.36
d
 0.02 
Nucleosides & nucleotides 811 766 811 83 3.72 3.71 3.79 0.08 
Phosphorus metabolism 409 381 398 43 1.86 1.85 1.86 0.04 
Photosynthesis 1 1 2 0 0.00 0.00 0.01 0.00 
Potassium metabolism 111 104 110 14 0.50 0.50 0.51 0.02 
Prophage 9 10 9 2 0.04 0.05 0.04 0.01 
Protein metabolism 1778 1700 1760 187 8.14 8.28 8.18 0.15 
Regulation & cell signaling 274 257 297 36 1.25 1.23 1.38 0.04 
Respiration 604 562 576 81 2.72 2.71 2.67 0.09 
RNA metabolism 871 782 828 86 3.97 3.81 3.86 0.07 
Secondary  metabolism 5 4 6 1 0.02 0.02 0.03 0.01 
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Table 6-4. (con’t.)        
 Diet   Diet  
Item Cellulose FOS Pectin SEM  Cellulose FOS Pectin SEM 
         
 ------- Number of sequences-------   ------------------- % -------------------  
Stress response 484 446 480 63 2.18 2.16 2.22 0.06 
Sulfur metabolism 239 206 219 35 1.06 1.00 1.01 0.05 
Unclassified 761 727 762 84 3.49 3.54 3.53 0.05 
Virulence 1319 1244 1293 189 5.86 6.01 5.99 0.22 
         
TOTAL 21971 20560 21511 2412 100.00 100.00 100.00 - 
a-b
Different superscript letters in the same row denote differences (P < 0.05) among treatments for percentage of sequences. 
c-d
Different superscript letters in the same row denote differences (P < 0.10) among treatments for percentage of sequences.
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Table 6-5.  Metabolic function of fecal microbial communities of cats fed diets containing 4% cellulose, fructooligosaccharides, or 
pectin as determined by COG analysis of assembled sequences using IMG/M 
          
 Diet   Diet  
Item Cellulose FOS Pectin SEM  Cellulose FOS Pectin SEM 
 ------- Number of hits -------   -------------- % --------------  
A – RNA processing & modification 8 13 6 3  0.01 0.01 0.01 0.00 
B – Chromatin structure & dynamics 14
a
 21
b
 9
a
 2  0.02 0.02 0.01 0.00 
C – Energy production & conversion 5013 5377 6318 701  5.71 5.75 5.70 0.07 
D – Cell cycle control, cell division, & 
  chromosome partitioning 1124 1167 1466 154  1.29 1.24 1.32 0.02 
E – Amino acid transport & metabolism 8926 10129 11566 1221  10.31 10.79 10.44 0.19 
F – Nucleotide transport & metabolism 3413 3687 4392 448  3.94 3.94 3.96 0.05 
G – Carbohydrate transport & metabolism 7958 8508 9896 1021  9.11 9.13 8.92 0.11 
H – Coenzyme transport & metabolism 4082 4230 5023 577  4.66
f
 4.50
e
 4.53
f
 0.09 
I – Lipid transport & metabolism 2298 2466 2934 319  2.62 2.64 2.65 0.03 
J – Translation, ribosomal structure, & biogenesis 7377 7995 9309 992  8.52 8.56 8.36 0.15 
K – Transcription 5313 5922 6757 749  6.08
g
 6.31
h
 6.09
g
 0.06 
L – Replication, recombination, & repair 7611 8183 9763 984  8.75 8.78 8.80 0.11 
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Table 6-5. (con’t.)     
 Diet   Diet  
Item Cellulose FOS Pectin SEM  Cellulose FOS Pectin SEM 
 ------- Number of hits -------   -------------- % --------------  
M – Cell wall/membrane/envelope biogenesis 5930 6033 7475 838  6.78 6.44 6.72 0.14 
N – Cell motility 331 383 517 103  0.38 0.40 0.46 0.07 
O – Posttranslational modification, protein 
  turnover, & chaperones 3068 3340 3904 394  3.54 3.58 3.52 0.07 
P – Inorganic ion transport & metabolism 4260 4604 5348 617  4.86 4.90 4.85 0.06 
Q – Secondary metabolites biosynthesis, transport 
  & catabolism 700 687 852 99  0.79 0.73 0.77 0.02 
R – General function prediction only 8499 8891 10887 1182  9.68
f
 9.49
e
 9.83
f
 0.09 
S – Function unknown 4151 4467 5381 585  4.73 4.75 4.86 0.06 
T – Signal transduction mechanisms 3288 3490 4147 502  3.73 3.71 3.73 0.11 
U – Intracellular trafficking, secretion, & 
  vesicular transport 1409 1475 1771 226  1.61 1.56 1.59 0.05 
V – Defense mechanisms 2562 2615 3175 384  2.88 2.79 2.86 0.09 
W – Extracellular structures 0 0 0 0  0.00 0.00 0.00 0.00 
Z – Cytoskeleton 3 2 1 1  0.00 0.00 0.00 0.00 
TOTAL 87336 93685 110933 11976  100.00 100.00 100.00 - 
a-b
Different superscript letters in the same row denote differences (P < 0.05) among treatments for number of hits. 
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c-d
Different superscript letters in the same row denote differences (P < 0.10) among treatments for number of hits. 
e-f
Different superscript letters in the same row denote differences (P < 0.05) among treatments for percentage of hits. 
g-h
Different superscript letters in the same row denote differences (P < 0.10) among treatments for percentage of hits. 
  
  
172 
 
Table 6-6.  Prevalence of glycoside hydrolase (GH) family genes of feline fecal samples 
as analyzed through the carbohydrate-active enzyme (CAZy) database 
   
 Diet  
Item Cellulose FOS Pectin SEM 
 ------------------------ # of hits ------------------------  
Glycoside hydrolases    
GH1 100.9 153.3 177.6 25.0 
GH2 746.6 787.5 1093.4 195.3 
GH3 548.8 695.5 863.2 139.3 
GH4 26.9 32.0 29.5 5.4 
GH5 126.3 163.3 253.0 36.1 
GH8 11.3
a
 20.7
a
 42.8
b
 4.2 
GH9 13.0 8.3 5.8 4.9 
GH10 36.8 47.0 84.0 12.8 
GH13 466.8
c
 868.4
d
 917.0
d
 127.8 
GH15 6.0 5.0 3.3 1.6 
GH16 55.9 48.4 64.2 18.7 
GH18 76.8 89.4 82.0 22.1 
GH19 3.7 4.0 2.8 1.2 
GH20 222.8 189.4 198.1 66.6 
GH23 84.7
c
 97.4
c
 145.1
d
 22.5 
GH24 17.6 8.7 17.7 3.3 
GH25 77.2 107.5 129.1 21.3 
GH26 23.6 36.5 50.0 9.8 
GH27 18.4 22.0 12.9 4.3 
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Table 6-6. (con’t.)     
 Diet  
Item Cellulose FOS Pectin SEM 
 ------------------------ # of hits ------------------------  
Glycoside hydrolases (con’t.)    
GH28 178.1 184.3 295.1 49.7 
GH29 151.5 147.0 148.7 47.6 
GH30 18.5 23.0 24.3 6.2 
GH31 176.1 233.3 263.3 47.5 
GH32 88.8 122.5 158.7 24.4 
GH33 33.5 29.7 30.4 9.9 
GH35 45.5 48.5 39.5 12.5 
GH36 157.5 189.0 246.5 36.7 
GH37 0.0 0.0 1.5 0.9 
GH38 42.3
c
 78.0
d
 56.0
cd
 8.8 
GH39 13.2 16.6 21.6 5.8 
GH42 24.3
c
 86.0
d
 26.3
c
 15.7 
GH43 321.5 465.5 639.3 88.8 
GH50 0.5 1.5 0.8 0.7 
GH51 124.0 165.5 270.8 39.8 
GH53 28.3
a
 22.5
a
 49.3
b
 6.9 
GH55 0.5 0.0 0.3 0.3 
GH57 32.8 42.8 54.3 9.7 
GH59 0.6 1.9 0.8 0.6 
GH63 27.3 24.5 37.0 10.7 
GH64 1.3 1.8 2.5 1.3 
GH65 12.8 17.0 8.3 5.6 
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Table 6-6. (con’t.)     
 Diet  
Item Cellulose FOS Pectin SEM 
 ------------------------ # of hits ------------------------  
Glycoside hydrolases (con’t.)    
GH66 4.7 8.5 4.8 1.9 
GH67 31.3 33.5 73.3 12.9 
GH68 0.3 0.0 0.0 0.1 
GH70 0.9 0.3 0.1 0.3 
GH73 116.0 117.3 187.4 27.6 
GH74 3.3 2.8 1.3 2.2 
GH76 34.0 28.6 27.4 9.2 
GH77 121.7
c
 164.4
cd
 220.9
d
 28.5 
GH78 140.8 139.3 183.9 38.7 
GH79 1.8 0.7 1.2 0.9 
GH81 25.7 50.0 52.4 8.9 
GH84 27.4 27.0 38.8 6.0 
GH85 2.7 3.3 3.8 1.0 
GH88 60.4 49.0 48.4 21.4 
GH89 48.4 41.1 31.2 17.0 
GH92 311.4 291.9 327.7 83.5 
GH93 0.6 2.4 0.8 1.1 
GH94 26.8 50.3 66.0 9.8 
GH95 168.4 170.2 249.9 40.7 
GH97 243.5 218.3 396.5 66.2 
GH98 13.7 25.4 19.7 6.3 
GH99 0.3 0.0 0.0 0.1 
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Table 6-6. (con’t.)     
 Diet  
Item Cellulose FOS Pectin SEM 
 ------------------------ # of hits ------------------------  
Glycoside hydrolases (con’t.)    
GH101 4.8 10.3 5.3 2.4 
GH102 3.3 0.3 3.5 1.4 
GH103 3.1
a
 2.1
a
 5.1
b
 1.8 
GH104 0.0 0.0 0.3 0.1 
GH105 107.8 105.2 132.7 31.5 
GH106 74.8 80.3 107.4 21.9 
GH108 11.3 8.8 9.2 4.7 
GH109 50.3 42.1 31.7 19.8 
GH110 16.4 14.5 9.6 5.5 
GH112 13.8
a
 21.4
b
 26.8
b
 6.1 
GH113 0.0 1.8 0.0 0.6 
GH115 76.8 79.0 170.8 31.2 
a-b
Different superscript letters in the same row denote differences (P < 0.05) among 
treatments. 
c-d
Different superscript letters in the same row denote differences (P < 0.10) among 
treatments.  
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Table 6-7.  Prevalence of glycosyl transferase (GT) family genes of feline fecal samples 
as analyzed through the carbohydrate-active enzyme (CAZy) database 
   
 Diet  
Item Cellulose FOS Pectin SEM 
 ------------------------ # of hits ------------------------  
Glycosyl 
transferases     
GT1 2.8 6.0 3.0 1.4 
GT2 716.1 838.5 1084.2 176.7 
GT3 49.0 53.7 75.2 13.5 
GT4 490.0 568.0 778.8 124.7 
GT5 79.4 104.5 124.2 18.8 
GT6 5.0 3.5 1.3 2.1 
GT8 58.4 103.0 114.3 22.0 
GT9 44.7
 a
 53.6
 a
 95.5
 b
 10.3 
GT10 0.5 1.0 2.5 0.7 
GT11 12.3 12.2 11.3 4.3 
GT14 20.4 13.5 27.4 3.9 
GT17 0.0 0.0 0.3 0.2 
GT19 46.5
c
 47.7
c
 79.9
d
 12.9 
GT20 3.8 5.0 5.3 2.0 
GT23 1.5 2.3 1.5 1.0 
GT25 1.2 0.6 0.0 0.6 
GT26 46.8 46.0 78.0 12.3 
GT28 81.7 116.7 137.1 20.4 
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Table 6-7. (con’t.)   
 Diet  
Item Cellulose FOS Pectin SEM 
 ------------------------ # of hits ------------------------  
Glycosyl transferases (con’t.)    
GT30 52.3 52.7 83.5 13.6 
GT32 44.8 39.7 52.2 13.9 
GT35 202.5 304.9 326.1 54.0 
GT39 2.0 1.6 1.7 0.6 
GT42 0.3 0.0 0.0 0.1 
GT46 0.5 0.0 0.0 0.3 
GT51 142.0
a
 177.1
a
 276.4
b
 33.2 
GT56 0.9 0.8 0.8 0.9 
GT66 1.5
ab
 3.1
b
 0.1
a
 0.7 
GT82 0.0
c
 0.0
c
 0.5
d
 0.2 
GT83 62.4
a
 91.6
a
 127.1
b
 17.9 
GT84 4.8 4.3 0.8 1.4 
a-b
Different superscript letters in the same row denote differences (P < 0.05) among 
treatments. 
c-d
Different superscript letters in the same row denote differences (P < 0.10) among 
treatments.  
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Table 6-8.  Prevalence of polysaccharide lyase (PL) and carbohydrate esterase (CE) 
family genes of feline fecal samples as analyzed through the carbohydrate-active 
enzyme (CAZy) database 
    
 Diet  
Item Cellulose FOS Pectin SEM 
 ----------------------- # of hits -----------------------  
Polysaccharide lyases    
PL1 65.9 80.0 87.9 18.2 
PL2 0.3 0.0 0.5 0.2 
PL4 1.5
d
 0.2
c
 1.1
cd
 0.7 
PL8 41.1 24.0 13.1 16.6 
PL9 6.8 5.3 10.5 3.3 
PL10 17.2 9.9 16.4 5.9 
PL11 40.6 36.2 39.5 15.6 
PL12 60.1 45.3 28.6 26.3 
PL13 5.4 5.4 4.4 2.6 
PL15 31.6 20.9 8.3 16.7 
PL16 0.0 0.3 0.0 0.1 
PL17 0.7 0.3 0.0 0.5 
PL19 6.8 8.0 11.8 3.4 
PL21 18.0 16.0 6.8 9.5 
     
Carbohydrate esterases    
CE1 77.3 82.3 135.5 20.4 
CE2 16.0 21.8 37.0 6.0 
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Table 6-8. (con’t.)     
 Diet  
Item Cellulose FOS Pectin SEM 
 ----------------------- # of hits -----------------------  
Carbohydrate esterases (con’t.)    
CE3 1.4 0.8 1.1 0.8 
CE4 80.9 91.1 117.0 20.6 
CE6 67.0 85.5 117.0 20.8 
CE7 47.0 53.8 92.0 15.0 
CE8 55.3 50.0 81.2 18.2 
CE9 73.8 92.6 93.0 21.0 
CE11 83.9
c
 83.6
c
 143.0
d
 21.3 
CE12 46.5 45.8 81.4 14.8 
CE14 2.3 1.0 4.0 0.9 
CE15 5.0 4.5 2.0 4.5 
a-b
Different superscript letters in the same row denote differences (P < 0.05) among 
treatments. 
c-d
Different superscript letters in the same row denote differences (P < 0.10) among 
treatments. 
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Table 6-9. Prevalence of carbohydrate-binding molecule (CBM) and dockerin family 
genes of feline fecal samples as analyzed through the carbohydrate-active enzyme 
(CAZy) database 
   
 Diet  
Item Cellulose FOS Pectin SEM 
 ------------------------- # of hits -------------------------  
Carbohydrate-binding molecules    
CBM6 25.0
c
 24.0
c
 56.0
d
 9.1 
CBM9 7.1 5.3 3.4 1.8 
CBM12 1.6 1.1 0.5 0.8 
CBM13 23.0 43.6 42.4 8.4 
CBM20 13.5
a
 15.6
a
 31.0
b
 4.8 
CBM22 0.5 1.5 0.8 0.9 
CBM23 0.8
a
 6.7
b
 2.5
ab
 1.7 
CBM25 0.8 0.9 0.5 0.5 
CBM26 2.0 14.8 3.5 5.1 
CBM27 0.0 0.4 4.2 2.4 
CBM32 124.0 103.8 130.3 35.5 
CBM33 0.0 0.3 0.0 0.1 
CBM34 4.1
c
 5.5
c
 8.3
d
 1.7 
CBM35 1.3 3.5 2.8 1.3 
CBM40 1.8 1.5 1.3 0.7 
CBM41 1.7
c
 8.7
d
 4.0
c
 1.8 
CBM47 0.3 0.0 0.0 0.1 
CBM48 38.1
a
 62.8
b
 67.9
b
 10.9 
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Table 6-9. (con’t.)  
 Diet  
Item Cellulose FOS Pectin SEM 
 ------------------------- # of hits -------------------------  
Carbohydrate-binding molecules (con’t.)   
CBM50 22.6 24.5 26.7 7.1 
CBM51 1.8 1.3 2.0 0.8 
CBM54 1.2 1.0 0.3 0.4 
CBM57 5.5
c
 7.8
cd
 11.8
d
 1.8 
CBM58 2.5 2.5 1.5 1.6 
     
Dockerins     
DOC1 41.0 38.3 56.0 9.8 
a-b
Different superscript letters in the same row denote differences (P < 0.05) among 
treatments. 
c-d
Different superscript letters in the same row denote differences (P < 0.10) among 
treatments. 
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Figure 6-1.  Double dendrogram of phylogenetic analysis of fecal microbial communities 
of individual cats fed diets containing 4% cellulose (Cel), fructooligosaccharides 
(FOS), or pectin (Pec) as determined by 454 pyrosequencing  
 
 
1
Cat samples named with the following system: Name-Period-diet, where name 
and diet are abbreviated.  Names: Ju, Julio; As, Ash; MB, Momma’s Boy; So, Soot.  
Diets: Cel, cellulose; FOS, fructooligosaccharides; Pec, pectin. 
  
  
Figure 6-2.  Clustering analysis of cats by diet based o
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Cat samples named with the following system: Name
and diet are abbreviated.  Names: Ju, Julio; As, Ash; MB, Momma’s Boy; So, Soot.  
Diets: Cel, cellulose; FOS, fructooligosaccharides; Pec, pectin.
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Figure 6-3. Double dendrogram of phylogenetic analysis from cat, dog, human fecal, and 
chicken cecal microbial communities as determined by 454 pyrosequencing 
Acronyms: 
CatCellulose = average of all cats (n = 4) consuming cellulose-containing diet 
CatFOS = average of all cats (n = 4) consuming FOS-containing diet 
CatPectin = average of all cats (n = 4) consuming FOS-containing diet  
K9C = dogs consuming control (fiber-free) diet 
K9BP = dogs consuming beet pulp-containing diet 
CCA = chicken cecum A 
CCB = chicken cecum B 
LMC = lean mouse cecum 
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OMC = obese mouse cecum 
F1S = healthy human   
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Figure 6-4.  Double dendrogram of metabolic analysis of fecal microbial communities of 
individual cats fed diets containing 4% cellulose, fructooligosaccharides, or pectin 
as determined by 454 pyrosequencing 
 
1
Cat samples named with the following system: Name-Period-diet, where name 
and diet are abbreviated.  Names: Ju, Julio; As, Ash; MB, Momma’s Boy; So, Soot.  
Diets: Cel, cellulose; FOS, fructooligosaccharides; Pec, pectin. 
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Figure 6-5.  Double dendrogram of metabolic analysis from individual cat, dog, human 
fecal, and chicken cecal microbial communities as determined by 454 
pyrosequencing 
 Acronyms: 
CatCellulose = average of all cats (n = 4) consuming cellulose-containing diet 
CatFOS = average of all cats (n = 4) consuming FOS-containing diet 
CatPectin = average of all cats (n = 4) consuming FOS-containing diet  
K9C = dogs consuming control (fiber-free) diet 
K9BP = dogs consuming beet pulp-containing diet 
CCA = chicken cecum A 
CCB = chicken cecum B 
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LMC = lean mouse cecum 
OMC = obese mouse cecum 
F1S = healthy human 
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Figure 6-6.  Double dendrogram of the glycoside hydrolase (GH), polysaccharide lyase (PL), and carbohydrate esterase (CE) families 
of carbohydrate degrading enzymes found in the metagenome (determined by 454 pyrosequencing) of cats consuming diets 
containing 4% cellulose, fructooligosaccharides, or pectin using the carbohydrate-active enzyme (CAZy) database 
 
1
Cat samples named with the following system: Name-Period-diet, where name and diet are abbreviated.  Names: Ju, Julio; As, 
Ash; MB, Momma’s Boy; So, Soot.  Diets: Cel, cellulose; FOS, fructooligosaccharides; Pec, pectin. 
As-3-Cel 
As-2-FOS 
Ju-2-FOS 
MB-2-Pec 
As-1-Pec 
Ju-1-Pec 
So-3-Pec 
So-1-FOS 
MB-3-FOS 
Ju-3-Cel 
MB-1-Cel 
So-2-Cel 
 Figure 6-7.  Cluster analysis 
from the metagenome of cats consuming diets containing 4% cellulose, 
fructooligosaccharides, or pectin using the 
Acronyms: 
Ju = Julio (cat A) 
MB = Momma’s Boy (cat B)
data of the carbohydrate-active enzyme (CAZy) 
simple distance method of 
 
As = Ash (cat C) 
So = Soot (cat D)
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GINKGO  
 
 Figure 6-8.  Cluster analysis 
from the metagenome of cats consuming diets containing 4% cellulose, 
fructooligosaccharides, or pectin using the simple distances and Ward methods of 
GINKGO 
Acronyms: 
Ju = Julio (cat A) 
MB = Momma’s Boy (cat B)
data of the carbohydrate-active enzyme (CAZy) 
 
As = Ash (cat C) 
So = Soot (cat D) 
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CHAPTER 7: SUMMARY 
 
 Research has observed beneficial responses to dietary fiber in the cat in spite of 
the cat lacking a requirement for this nutrient.  These responses include, but are not 
limited to, increased laxation, weight loss, decreased energy intake, attenuation of blood 
glucose response, and promotion of overall gastrointestinal health. 
 Cellulose is used commonly in the petfood industry to produce diets that are low 
in calories and stimulate weight loss or maintain proper body weight.  Supplemental 
cellulose provides dietary bulk in these instances and may lead to the cat feeling fuller, 
thus consuming less diet and fewer calories.  Fructooligosaccharides (FOS) are used in 
the petfood industry as a prebiotic fiber source.  In low concentrations (1-2% of the diet), 
FOS appear to stimulate bifidobacteria and lactobacilli while decreasing fecal protein 
catabolites.  Fructans also stimulate production of short-chain fatty acids (SCFA), which 
serve as sources of energy for the colonocytes and also as protective metabolites in the 
colonic environment.  Pectin is not commonly used in the petfood industry, but could be 
used in future petfood formulations. 
The body of literature regarding the microbiome of the cat is sorely lacking 
compared to what is known of other monogastric species.  For years, culture-dependent 
techniques were used to describe the gastrointestinal microbiota of healthy and diseased 
animals.  The advent of molecular-based tools and techniques allowed further 
investigations into the feline microbiome, but were still limited to a few species as 
microbiota remained largely unknown because primers for identified microbiota were 
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scarce.  By utilizing 16S RNA and, now, genomic DNA with pyrosequencing techniques, 
it is possible to identify many more microbiota.  Beyond identification, it is now possible 
to investigate microbial metabolic function using genomic DNA sequences.  This 
provides the opportunity for researchers to investigate not only which microbiota are 
affected by a given treatment, but also what the microbiota are doing in response to that 
treatment. 
The overall objectives of this research were to determine the effects of 
supplemental fiber and fermentable carbohydrate sources, namely cellulose, FOS, and 
pectin, on fermentation and select gastrointestinal microbiota.  Additional objectives were 
related to determining the fecal microbiome and metagenome of the cat as influenced by 
these fiber and fermentable carbohydrate sources. 
The objective of the first study was to determine the effects of supplementing 
senior cats with two prebiotic fructans on N partitioning, nutrient digestibility, fecal 
fermentative end-products, and fecal microbiota concentrations.  Nitrogen partitioning 
was not affected by fructan supplementation, but fructans modulated fecal protein 
catabolites and microbiota concentrations.  Nitrogen digestibility and fecal indole, 
tyramine, and Escherichia coli concentrations decreased, and fecal Bifidobacterium spp. 
tended to decrease, when a blend of oligofructose and inulin was supplemented to senior 
cats.  Both oligofructose alone and blended with inulin decreased fecal histamine 
concentrations. 
While this study did not show as strong an effect of prebiotic supplementation in 
senior cats as has been shown for younger cats, senior cats still benefit from low 
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concentrations of supplemental prebiotic substrates in their diets.  Decreased N 
digestibility has been reported previously with FOS supplementation (Hesta et al., 2001), 
and is typically associated with increased concentrations of fecal microbiota, particularly 
bifidobacteria and/or lactobacilli.  In this study, qPCR failed to demonstrate increased 
microbiota; instead, concentrations of bifidobacteria tended to decrease.  Other species of 
microbiota may have changed in response to supplemental fructans but were not 
investigated.  The observed decrease in N digestibility also may be attributed to 
decreased nutrient digestibility that occurs with age (Burkholder, 1999; Perez-Camargo, 
2004).  Less production of fecal protein catabolites could minimize litter box odors and 
benefit the cat by decreasing the potential putrefactants and carcinogens present in the 
colonic environment. 
The objectives of the second study were to determine nutrient digestibility, fecal 
protein catabolite concentrations, and fecal microbiota concentrations in adult cats fed 
diets containing fiber sources selected for differences in fermentability, solubility, and 
prebiotic potential.  Fecal indole and Bifidobacterium spp. concentrations increased, 
while fecal tyramine and E. coli concentrations decreased, with 4% supplemental FOS.  
When 4% supplemental pectin was added to the diet, fecal acetate, propionate, total 
SCFA, spermidine, Clostridium perfringens, Lactobacillus spp., and E. coli 
concentrations increased.  Additionally, acid hydrolyzed fat digestibility decreased and 
crude protein digestibility tended to decrease with supplemental pectin.  Fecal scores and 
fecal ammonia, 4-methyl phenol, butyrate, isobutyrate, isovalerate, valerate, total BCFA, 
cadaverine, putrescine, tryptamine, and total biogenic amines increased when either FOS 
or pectin were supplemented at 4% of the diet. 
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Increased protein catabolites in cats consuming the fermentable substrates was a 
surprising outcome of this study.  Previous research noted decreased protein catabolites 
in dogs supplemented with fructans (Swanson et al., 2002a,b), but these fructans were 
supplemented at very low dietary concentrations.  It appears that there is a maximum 
concentration of fructans that can be added to the cat diet to achieve optimal overall 
fermentation.  Previous research with fructans determined that higher concentrations (6 
and 9%) resulted in decreased fecal scores while 3% supplemental fructan appeared to be 
well tolerated, but this study did not investigate fecal protein catabolite production (Hesta 
et al., 2001).  Petfood companies that use fructans cannot afford to include them at a rate 
higher than 1 to 2% of the formulation, and very few (if any) petfood companies use 
pectin as a fiber source, so it is likely that domestic cats would not experience the 
moderate increases in fecal protein catabolites observed in the present study.  High 
concentrations of protein catabolites over the lifetime of a domestic cat could disturb 
gastrointestinal health, and should be avoided. 
The objectives of the third study were to determine the effects of microbial 
adaptation in vivo to fiber type on changes in pH and total and hydrogen gas, SCFA, and 
BCFA production in vitro.  Hydrogen gas production increased with dietary adaptation to 
FOS or pectin.  Total gas production increased with dietary adaptation to pectin, and 
adaptation to cellulose tended to increase propionate production.  Dietary adaptation to 
FOS decreased BCFA + valerate production.  However, the FOS substrate always had the 
greatest impact on fermentation, followed by the pectin substrate.  Cellulose was 
unaffected by fermentation.  When the interaction of dietary adaptation and substrate was 
explored, several outcome variables were affected.  Dietary adaptation to FOS lowered 
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the change in pH observed with the pectin substrate.  When cats were adapted to cellulose 
and the FOS substrate was used, propionate production tended to increase.  Hydrogen gas 
production increased when the FOS substrate was used with fecal inoculum from cats 
adapted to FOS or pectin.  Dietary adaptation to FOS increased acetate and total SCFA 
production, and tended to decrease BCFA + valerate production, when the FOS substrate 
was used. 
A number of interaction effects were observed with dietary adaptation to FOS and 
when the FOS substrate was tested.  This implies that dietary adaptation to FOS does, in 
fact, influence the results of in vitro fermentation analyses.  In almost all cases, there was 
a beneficial or protective effect of adaptation to this substrate (increased acetate and total 
SCFA; decreased BCFA + valerate).  These effects likely are observed in vivo as well if 
optimal concentrations of FOS are supplemented in the diet.  These responses were not 
observed for pectin, perhaps because its chemical structure is more complex than the 
linear chains of FOS and, thus, might require a longer period of adaptation to produce 
similar results.  No responses due to dietary adaptation to cellulose were expected for the 
outcome variables measured, but dietary adaptation to cellulose tended to increase 
propionate production when tested with the FOS substrate.  These microbiota were 
“deprived” of fermentable substrate prior to incubation with FOS, and so it is not 
surprising that they produced some SCFA with the introduction of a fermentable 
carbohydrate. 
The objective of the fourth study was to elucidate the fecal microbiome and 
functional metabolic capacity of the cat as affected by diets varying in supplemental fiber 
sources, namely cellulose, fructooligosaccharides, or pectin, using 454 pyrosequencing 
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techniques.  This is the first known study to investigate the functional metabolic capacity 
of the feline microbiome.  Actinobacteria, which increased in the microbiome of cats 
consuming FOS, was the only phylum to change in relation to dietary treatment, 
regardless of database differences using number of hits.  However, it may be more useful 
to determine changes based on percentages of total hits as not all microbiota were 
included in this analysis based on the number of sequences generated.  When using this 
criterion to determine differences, Actinobacteria increased consistently, regardless of 
which database was used to determine this change.  Genes related to protein and amino 
acid metabolism, carbohydrate metabolism, and cellular replication and repair were 
highly prevalent across dietary treatment, but “clustering-based subsystems”/“general 
function prediction only” was the only category that decreased consistently when cats 
were adapted to a diet containing FOS.  Not surprisingly, several groups of carbohydrate-
active enzymes (CAZymes) were affected by supplementation with dietary FOS or 
pectin.  Few changes in phylogeny and functional metabolic capacity could be related 
directly to diet, and clustering methods failed to detect grouping by cat or diet. 
While this was not the first attempt to describe the gastrointestinal microbiome of 
the cat, it was the first study to make this attempt using genomic DNA sequences.  One 
advantage of using this technique is that it eliminates primer and PCR bias.  Previous 
studies into the microbiome of the cat used 16S rRNA to create clone or amplicon 
libraries, which appeared to favor certain phyla (e.g., Firmicutes) over others (e.g., 
Actinobacteria; Ritchie et al., 2008, 2010).  These studies required further investigations 
with PCR to observe under-represented species (Ritchie et al., 2010).  Study four brings 
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the cat literature in line with what is known about the microbiomes of other monogastric 
species (Turnbaugh et al., 2006, 2009; Qu et al., 2008; Middelbos et al., 2010). 
By describing the functional metabolic capacity of the feline gastrointestinal tract, 
the literature regarding the feline microbiome has been brought to a similar level as many 
other domesticated species.  Unfortunately, diet had little effect on the outcomes of this 
investigation, but this is valuable information in that we now know that 4% dietary fiber 
supplemented for 25 d does not dramatically change microbial metabolism.  Perhaps 
longer studies or more dramatic changes in diet (e.g., high calorie versus low calorie or 
raw versus extruded) are necessary to elicit large changes.  It also is possible that the 
functional metabolic capacity of the cat is much more difficult to influence than 
previously anticipated, and that one would have to make major phylogenetic changes in 
order to influence the metabolic capacity of the microbiome.  It is now known that the 
feline microbiome maintains similar percentages of functional metabolic classes as other 
species as well.  Fermentable carbohydrates appear to modify select families of 
CAZymes, and FOS and pectin increase the total number of hits related to different 
families of CAZymes.   
In conclusion, the body of research presented here clarifies the effects of select 
fermentable carbohydrates on indices of feline gastrointestinal health and microbial 
ecology.  This research offers insight into the impact of low concentration fructan 
supplementation of senior cats, the effect of supplementing cats with 4% of fermentable 
and non-fermentable fibers, the influence of dietary adaptation to a fiber source in vivo on 
in vitro fermentation outcomes, and the results of fiber supplementation on the 
phylogenetic and functional metabolic capacity of the feline metagenome.  The data 
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presented in this dissertation are anticipated to influence future research into the feline 
metagenome.  Further research is necessary to determine the impact of supplemental 
fructans on overall and gastrointestinal health outcomes in senior cats and, while few 
differences were observed for healthy adult laboratory cats, further research is necessary 
to determine what role the gastrointestinal microbiota play in clinical disease states of 
cats.  Future research could investigate the effects of feline obesity on the gastrointestinal 
microbiome or gastrointestinal disease states that are known to be affected by fiber 
supplementation (e.g., irritable bowel disease, colitis, small intestinal bacterial 
overgrowth, etc.). 
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